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  Acid dissociation constants, often expressed as pKa values, afford vital 
information with regards to molecular behavior in various environments and are of 
significance in fields of organic, inorganic, and medicinal chemistry. Several quantitative 
structure-activity relationships (QSARs) were developed that correlate experimental pKas 
for a given class of compounds with a descriptor(s) calculated using density functional 
theory at the B3LYP/6-31+G** level utilizing the CPCM solvent model. A set of carbon 
acids provided a good final QSAR model of experimental aqueous pKas versus ΔEH2O (R
2 
= 0.9647) upon removal of three aldehydes as outliers. A study of saturated alcohols 
offered a final QSAR model with R2 = 0.9594, which was employed to confirm the 
behavior of the three aldehydes as hydrated species in aqueous solution. Finally, a study 
restricted to ketones was conducted to estimate their pKas in dimethyl sulfoxide solution. 
QSAR models of experimental pKas versus ΔEDMSO for the keto and enol tautomers were 
modest at best (R2 = 0.8477 and 0.7694, respectively). A binary linear regression was 
employed to incorporate descriptors representing both the keto and enol tautomers, 
improving the final R2 to 0.9670 upon removal of one outlier. The QSAR models 
presented may be utilized to estimate pKas for related compounds not offered in the 
existing literature or that are challenging to measure experimentally.   
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A Brief Introduction into Estimating Molecular Acidities Computationally 
1.1 Gas Phase versus Solution Phase Acidities      
 Substantial research effort has been devoted to investigating the molecular 
acidities of chemical compounds. Because a molecule’s acidity dictates its behavior in a 
chemical environment, quantification of this property is critical. Generally, the 
dissociation of a Brønsted-Lowry acid “HA” can be expressed as:1 
     HA ⇌ H+ + A-            (1) 
The acid equilibrium constant (Ka) quantifies the extent of dissociation, expressed as the 
number of ionic species per neutral molecule in solution. The pKa of a compound is 
defined as the negative logarithm of the acid dissociation constant: 
    pKa = -log(Ka) = -log([H
+][A-]/[HA])         (2) 
The standard Gibbs energy change for a dissociation reaction is related to the equilibrium 
constant, Ka, as follows: 
    ΔG° = -RT * ln(Ka) ≈ 2.303RT * pKa           (3) 
 Accurate acid dissociation constants offer essential knowledge to chemists and 
physical scientists regarding molecular behavior. Chemically, the pKa value allows one to 
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compare the strengths of acids and bases, predict equilibrium direction, evaluate the 
quality of a leaving group in nucleophilic substitution reactions, predict nucleophilic 
strength, and assess other reaction tendencies.2 In addition, ionization constants provide 
information such as drug solubility and behavior in a given medium for pharmaceutical 
and biochemical applications.3 
 An important distinction between gas phase and solution phase acidities should be 
noted. Molecular acidities reported in the gas phase are free from solvent influences, 
offering fundamental deprotonation knowledge. Gas phase acidity trends can be 
compared to the solution phase measurements, where the effect of the solvent becomes 
increasingly noticeable.1 Brauman and Blair4 provided perhaps the most notorious 
example in 1968 when they observed that the acidity order of aliphatic alcohols in the gas 
phase was reversed from that found in solution. The authors provided the following 
explanation: in the gas phase, polarizable aliphatic groups stabilize the excess charge of 
the anion, resulting in a more acidic species. However, in solution, bulky aliphatic 
substituents shield the negative charge from solvent molecules, thus destabilizing the 
conjugate base.  
 Gas phase acidities are expressed as the free energy change ΔG° for the proton 
dissociation reaction presented in equation (1). Often, the entropy component is ignored 
and ΔH° is reported as the gas phase acidity. Acquisition of ΔrH° experimentally is 
possible by way of a simple thermodynamic cycle that requires knowledge of several 
reaction energies, since heterolysis of species HA in vacuum is unfavorable. 




                                        HA → H∙ + A∙             D0 (HA) = ΔH                     (4) 
                       A∙ + e- → A-       EA (A) = ΔH                     (5) 
                      H∙ → H+ + e-       IP (H) = ΔH                     (6) 
                                        HA → H+ + A-            ΔrH (deprotonation)                     (7) 
where D0 (HA)is the bond dissociation energy of acid HA, EA (A) represents the electron 
affinity of species A, and IP (H) is the well-established ionization potential of the 
hydrogen atom (1312 kJ/mol, or 13.6 eV).6 
 Homolytic bond dissociation energies are reported accurately using radical 
kinetics experiments that relate the ratio of forward and reverse rate coefficients to the 
reaction equilibrium constant (and thus, ΔrG), or photoionization mass spectrometry in 
which the energy required to produce an acid’s cation can be measured and added to the 
ionization energy of the complementary radical species.7 Once the value D0 (HA) is 
known, negative ion photodetachment spectroscopy can be employed to measure the 
electron affinity of the desired radical, typically to within ± 1.0 kJ/mol.8 
 Acidities in vacuum may also be established from equilibrium experiments, where 
a compound of known acidity is placed in chemical equilibrium with a compound of 
unknown acidity in the gas phase.9 Techniques for this approach must be capable of 
generating and detecting charged species. Ion cyclotron resonance spectroscopy (ICR), 
the flowing afterglow method (FA), and high-pressure mass spectrometry (HPMS) have 
all proven useful for studying proton dissociation in the gas phase.10 Normally, ions are 
generated via an electron impact source (or hot cathode discharge in the case of flow 
systems), and the ions are concentrated and sent to an ion-selective detector, such as a 
quadrupole. Equilibrium constants may then be determined by monitoring the quantity of 
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ions present over time.9 Experiments performed at constant temperature result in a ΔG° 
for the dissociation reaction. Values for gas-phase proton transfer reactions are available 
for many compounds in the National Institute of Standards and Technology (NIST) 
Chemistry WebBook page11, with typical errors reported around ± 8 kJ/mol.  
 Dissociation constants are often more conveniently measured in solution and 
recorded as pKa values. Reijenga et. al.
12 published an extensive review of 14 methods 
used to determine molecular pKa values in dilute aqueous solution. Titrations are the 
simplest and most common technique and may be completed utilizing an indicator or 
potentiometric pH meters. If dilute aqueous solutions are considered, the volume of 
strong base added can be measured as a function of solution pH, generating a sigmoid 
curve. Curve-fitting software often helps the investigator determine the pKa at the half-
equivalence point, a useful application of the Henderson-Hasselbalch equation.1 Acids 
that contain chromophores in close proximity to the dissociation site may have their pKas 
determined via UV-Vis spectrometry, where the absorbance of the titrated solution is 
directly proportional to the analyte concentration. Although not as commonly employed, 
kinetics data may be used to estimate molecular pKas if accurate rate constants of the 
ionization reaction can be deduced.13 Nuclear magnetic resonance spectroscopy (NMR) is 
also capable of estimating dissociation constants from chemical shift data of the parent 
and deprotonated species. Mathematical relationships have been established that allow 
one to plot chemical shift data against solution pH values to yield a familiar sigmoid 
curve, from which a pKa may be collected.
12 
 Several known issues exist that prevent easy determination of pKa values. First, 
the acidic compound’s strength compared to the solvent must be considered to prevent 
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complications that arise due to the leveling effect.1 The leveling effect maintains that a 
given acid must not be stronger (have a smaller pKa value) than the lyonium, or 
protonated solvent, ion generated in the solvent medium. Taking aqueous solution as an 
example, the pKa of the hydronium ion H3O
+ is -1.74, so an acid with a more negative 
pKa would not be quantifiable in aqueous solution. In this case, one would be measuring 
the concentration of primarily hydronium ion.1 Thus, if an aqueous solution of 
concentrated acid is produced to measure a compound’s acidity, the “dilute aqueous 
solution” model is no longer applicable. Now, activities must be considered instead of 
concentrations, and pH is no longer an adequate quantity to express solution acidity. 
Alternate techniques, such as the Hammett acidity function developed originally for a 
series of anilines, must be employed, and the factor H0 behaves as a pH surrogate:
1 
          H0 = pKa + log([B]/[BH
+])          (8) 
where [B] and [BH+] are the deprotonated and protonated forms of the base, respectively.  
 Weakly acidic compounds pose another unique challenge. For exceedingly weak 
organic acids, such as carbon acids, traditional procedures of aqueous pKa determination 
are often inadequate because their dissociation constants fall outside of water’s solvent 
window (the pKa of water is 15.7).
1 Many of the techniques to measure carbon acid 
ionization constants have been detailed by Cram14 and Jones.15 Compounds just outside 
of water’s solvent boundary can make use of acidity functions (H_) for aqueous solutions 
of base, similar to the procedure outlined by Hammett.16 For even weaker acids (pKa > 
25), comparative methods may be employed. Here, an acid of unknown pKa is related to 
a compound of known pKa. The compound whose dissociation constant is known likely 
had its pKa measured in the same manner. At some point, a compound can be related to 
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another molecule whose pKa was directly established in water. For carbon acids, 
molecules such as cyclopentadiene (pKa = 16) are the key to holding this sliding scale 
together and allow pKa estimations far beyond the typical pKa window of aqueous 
solution.1 One procedure to measure these equilibrium constants involves preparing the 
caesium salt of a carbon acid and placing it in chemical equilibrium with another carbon 
acid of unknown acidity in cyclohexylamine. The equilibrium constant describes the 
deprotonation of the unmeasured carbon acid in the presence of the acid of known acidity 
at equilibrium, thus providing a difference in their acidities. Because one pKa value is 
known, the unknown pKa can then be calculated. Errors associated with ion aggregation, 
or ion-pairing, in nonaqueous solvents occur frequently and often are unrecognized.15 If 
an equilibrium constant cannot be measured directly, a rate constant, or kinetic acidity, 
may be gathered and related to the thermodynamic acidity (although significant errors 
exist with this method as well).14  
 Certainly, the errors associated with creating a sliding scale of acid dissociation 
constants for weak organic acids in aqueous solution accumulate as the ladder is 
extended, and extreme pKa values are likely tainted with experimental errors. Theoretical 
models to estimate pKas for weak acids are attractive to researchers, as one can compare 
the computed values to those obtained with experimental uncertainty. Additionally, it is 
often desirable to have an estimated pKa value for an organic structure, such as a 
pharmaceutical compound, prior to engaging in tedious synthetic efforts. Projects 
contained within this thesis place emphasis on developing statistically strong models to 
calculate pKas for weakly acidic compounds whose dissociation constants may be 
plagued by error or neglected from the literature entirely.   
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1.2 Quantitative Structure-Activity Relationships 
 Each of the studies included in Chapters 2-4 make use of the same model, a 
quantitative structure-activity relationship (QSAR), for estimating pKa values in solution. 
The primary objective of a QSAR model is to correlate one or more descriptors, 
representing varying structural or energetic features of the compounds, with variations in 
a molecular property of interest. From the established mathematical relationship, the 
property of interest can be estimated for similar compounds.3 Initially, a set of related 
compounds are chosen as the “training” data set. In the case of pKa estimation, the 
working collection of molecules should share the same deprotonation mechanism (e.g., a 
set of alcohols, all which dissociate via O-H bond cleavage). Experimental data, in this 
case pKa values, must be collected from the literature. Descriptors are then typically 
computed using quantum chemical software at some reasonable level of theory (one 
hopes this is much less time consuming than other methods, see Sec. 1.3 on first-
principles calculations).3,17 Testing of the calculated molecular parameters (“descriptors”) 
via linear regression analysis follows to ensure that the chosen descriptors in fact mimic 
the observed variations in a property of the molecules. In general, it is convenient to 
express this affiliation as a linear free energy relationship between the molecular property 
of interest and the descriptors, which can be viewed mathematically as follows:3 
                    Pj = pKa = c0 + c1X1 + c2X2 + …          (9) 
where Pj is the molecular property, here a pKa value, Xi are appropriate descriptors, and ci 
are the corresponding coefficients for each molecular descriptor. 
 Sometimes referred to as a Gibbs energy relationship, equation (9) mirrors the 
thermodynamic definition of an equilibrium constant presented in equation (3), a useful 
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association. Fundamentally, this allows one to use the pKa value since any variation in 
this measure should be directly related to variations in the Gibbs energy change, ΔG, of a 
chemical reaction. Perrin, Dempsey, and Sergeant captured this in their 1981 book18 on 
pKa prediction in which the authors noted that a typical class of compounds contain 
Gibbs energy changes that differ due to the electronic and steric influences of their 
substituents.  
 Because the acid dissociation constant is the molecular property of interest, the 
chosen descriptor(s) must exhibit some correlation with a molecule’s tendency to lose a 
proton. Several potential descriptors include natural charges on atoms or groups that 
participate in proton dissociation (i.e., QN(OH) for phenol dissociations), equilibrium 
bond lengths (R-H), ground state energy differences (ΔE) between the neutral molecule 
and the corresponding anion formed upon deprotonation, values provided from 
electrostatic potential surfaces, and calculated vibrational frequencies.3 Here, the energy 
difference ΔE can be viewed as a surrogate for ΔG in equation (3) and thus a correlation 
between ΔE and pKa is probable. This relationship has been tested and shown to hold true 
in several previous works within our research group.19-22 Choosing the right descriptor to 
successfully model experimental pKa values involves much trial and error. Often, the best 
single-parameter is chosen and a simple linear regression is produced. There have been 
instances where more than one descriptor can provide new information22 (see Chapter 4), 
but many times two or more descriptors do not yield improved regressions results and 
only serve to complicate the statistical analysis. 
 Once plots of the molecular property, or experimental pKa values, versus the 
appropriate molecular descriptor have been constructed, several statistical measures are 
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used to gauge the strength of the QSAR model. The coefficient of determination R2, 
shows the fraction of the variance in the experimental data (dependent variables) that can 
be predicted from the model. An R-squared value closer to 1.0 indicates a quality linear 
regression. Additionally, one may look for a small standard error (s) to suggest that the 
observed and calculated data are close to one another. A large Fisher statistic (F) supports 
the proposition that the model is valid for a set number of independent variables.3 
 Prior work involving QSAR models within our research group has been plentiful. 
More recently, Seybold19 found a strong linear correlation between the descriptor 
ΔE(H2O), calculated within the SM8 aqueous solvent model
23 using density functional 
theory at the B3LYP/6-31+G** level of theory, and experimental pKas for a set of 
inorganic oxoacids (R2 = 0.987). Several structural and energetic features of these 
molecules were mentioned, and the QSAR model performed well for most Brønsted-
behaving oxoacids, whereas boric acid, a Lewis acid in aqueous solution, saw a residual 
of over 3 pKa units. Using the same descriptor and theoretical approach, Seybold studied 
a set of inorganic nitrogen acids and found a good linear correlation (R2 = 0.921).20 
Wessner investigated pyrimidines and associated heterocyclic compounds.21 Following 
the author’s determination of stable uracil and cytosine tautomers, Wessner constructed a 
QSAR model of said molecules with R2 = 0.9649 for pKa1 (dissociation from cation to 
neutral species) and R2 = 0.962 for pKa2 (neutral to anion dissociation) using the same ΔE 
descriptor and level of theory mentioned previously. Similar work on purines and indoles 
was conducted by Geremia22, who found not only strong correlations between the ΔE 
descriptor and pKa1 and pKa2 for these compounds, but also noted an improved regression 
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model when two descriptors were included (both ΔE and ΔQN, the latter being the 
difference in natural charge on the nitrogen atom following proton abstraction).  
 Structure-activity relationships are advantageous because of their simplicity and 
need for only limited computational resources. In contrast to the high-level ab initio 
quantum chemistry required to estimate molecular acidities from first principles, QSAR 
models require only modest levels of theory to obtain reasonable descriptor accuracy. 
However, it should be noted that a QSAR model may fail for a variety of reasons. 
Reliance on correct experimental values serves as one requirement, with potential errors 
stemming from experiments themselves or misprints in the literature always lurking as a 
possibility. As a response to this issue, the linear regression trendlines generated via 
QSAR techniques can often “average out” some of the uncertainty, or noise, inherent in 
experimental measurements.24 Still, outliers in models may present themselves for a 
number of reasons which include incorrect experimental or literature values, a failure of 
the model to describe a particular compound’s chemistry, or molecular behavior that is 
atypical and thus disqualifies the compound in question from classification with the rest 
of the data set. Although frequently seen as a problem or annoyance, outliers can be 
informative and provide the investigator an opportunity to correct literature findings or 
rationalize a molecule’s acid-base behavior in a solvent environment. Established 
regression models can also be used to compute pKas for compounds whose values are not 
readily available from experimentation. Given the benefits associated with this technique, 





1.3 First-Principles Calculations and Other pKa Estimation Techniques  
 Although not utilized in this research, familiarity with alternative approaches used 
to estimate dissociation constants besides structure-activity relationships is beneficial. 
First-principles (ab initio) calculations—see section 1.4—may be used to directly 
estimate equilibrium constants for ionization reactions and hence, pKas. Such techniques 
are normally based on thermodynamic cycles, which take advantage of the state function 
ΔG.3 
 Recall from equation (3) that in aqueous solution, pKa = ΔG°(aq)/RTln(10). An 
acid dissociation constant in water is therefore readily accessible from the Gibbs energy 
change in aqueous solution, calculated by adding the two reaction free energy changes 
from the thermodynamic cycle in Figure 1.1:25,26 
      ΔG°(aq) = ΔG°(gas) + ΔΔG°solv        (10) 
where ΔG°(gas) can be calculated from the gas phase dissociation reaction via the 
difference in Gibbs energies of the products and reactants, and ΔΔGsolv similarly using the 
solvation Gibbs energy changes.  
        ΔG°(gas) 
   HA(g)     H
+
(g)   + A
-
(g) 
           -ΔG°solv(HA)    ΔG°solv(H
+)      ΔG°solv(A
-) 
   HA(aq)    H
+
(aq)    +  A
-
(aq)  
        ΔG°(aq)  
Figure 1.1. Common thermodynamic cycle for an ionization reaction.  
 The theoretical scheme shown above relates the gas phase acidity for a proton 
transfer reaction to the corresponding aqueous dissociation constant. All vacuum and 
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solvation Gibbs energies for the neutral and conjugate base species can be accurately 
calculated using quantum chemical software at a high level of theory. However, for the 
naked proton, both G°vac (H
+) and ΔGsolv(H
+) are unobtainable from such methods. 
Fortunately, ΔG°solv(H
+) has been measured experimentally through extensive research 
efforts, and the vacuum Gibbs energy for one mole of protons may be theoretically 
deduced from standard thermodynamic definitions as follows:3,25 
                G° = H° - TS°         (11) 
       H° = U° + PV         (12) 
where the enthalpy, H°, is the sum of the internal energy, U°, and the pressure-volume 
product PV. The latter term may be approximated from the ideal gas law: 
       PV = nRT          (13) 
where the number of moles, n, is equal to 1, and R is the gas constant.  
The internal energy may be further expressed from the equipartition theorem for a 
monoatomic gas: 
                         U° = 
3
2
 (RT)                          (14) 








Now, the Sackur-Tetrode equation is utilized to calculate the entropy of a mole of 
protons: 
     S° = 1.5R*ln(M) + 2.5R*ln(T) – 1.1517R = 0.1089 kJ/mol*K      (15) 
where M is the molar mass in grams and T is the temperature in kelvins.  




 (RT) – T(0.1089 kJ/mol*K) ≈ -26.3 kJ/mol 
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 The high levels of theory employed in first-principles calculations, such as post 
Hartree-Fock methods, often provide accurate pKa estimates for small structures. 
Difficulty may be encountered, however, with larger molecules due to the extensive 
demands of the quantum mechanical computations.3 Because first-principles calculations 
require a higher level of quantum mechanical theory than QSAR models, additional 
computational time is necessary.  
 Besides absolute pKa estimates, relative pKa calculations allow one to determine 
an unknown acidity by comparing it to a similar structure of known acidity. Through 
computing the difference in aqueous pKas, or ΔΔG°(aq), a thermodynamic cycle is setup 
that enables the evaluation of the unknown acidity. Commercial software programs, such 
as ACD Labs27, allow investigators to receive estimated pKas at various ionization sites 
from inputted molecular structures. The database uses a fragment-based approach, where 
a library of molecular substituents and pieces are assigned Hammett-like constants, and 
equations have been developed to estimate pKas from these values.
28 
1.4 Quantum Chemical Methods: Density Functional Theory 
 Ultimately, the calculation of molecular energies, geometries, thermodynamic 
quantities, and other properties are reliant on computer programs that apply the principles 
of quantum mechanics. Although one could spend a significant amount of time diving 
into the history of quantum mechanics as well as early and less useful attempts to solve 
the electronic structure problem, consideration of more advantageous methods, mainly 




 Complete knowledge of a physical system’s state and properties can be known if 
the wavefunction (ψ) is identified. The wavefunction for a system can be found by 
solving the time-independent Schrödinger equation:29,30 
                    Ĥ𝜓 = 𝐸𝜓                       (16) 




∇ 2 + 𝑉(𝑥, 𝑦, 𝑧)) 𝜓 = 𝐸𝜓                     (17) 
where Ĥ is the Hamiltonian, or total energy operator, which includes kinetic and 
potential terms, 𝜓 is the wavefunction, and E is the energy of the system. The potential 
(V) depends on the system of interest, but typically takes the form ± k/r for atoms in 
molecules.  
 The wavefunction for an electron in an atom is defined as an atomic orbital (AO), 
and these AOs can be combined linearly to form molecular orbitals (MOs):29 
    𝛹 =  𝑐1𝜑1 + 𝑐2𝜑2 + ⋯ + 𝑐𝑁𝜑𝑁                   (18) 
where Ψ is the molecular orbital, and φi is an atomic orbital with coefficient ci. 
 Thus, the likelihood of electrons existing anywhere in a given molecular system is 
specified by the molecular orbitals constructed from atomic orbitals. The molecular 
orbitals and their energies are a key output of quantum mechanical calculations since they 
provide information on probabilistic electron locations and therefore chemical 
bonding/reactivity.1  
 For atoms beyond hydrogen and molecules with multiple electrons, a many-body 
problem exists in which the Schrödinger equation cannot be solved exactly. For 













𝐴𝑝  + ∑
𝑒2
𝑟𝑝𝑞
𝑝<𝑞                    (19)               
where p and q are electron labels and A are nuclei.  
 The first term on the right in equation (19) represents the kinetic energy of all 
electrons in the molecule, the second term the attractions between nuclei and electrons, 
and the final term the electron-electron repulsions (please note that the Born-
Oppenhiemer approximation—the approximation separating nuclear from electronic 
motions—has already been implemented as is standard in almost all quantum chemical 
calculations). This term cannot be solved exactly because the variable rpq relies on the 
coordinates of two electrons which are capable of correlating their motion.30-31 Electron 
correlation, or the ability of electrons to move about nuclei so that they avoid one 
another, will lower the energy of the system. Typical electron-electron repulsions will be 
over-estimated if this effect is neglected.30,32 
 Although older, approximate methods exist that attempt to solve for MOs and 
their energies without considering all of the electrons in a molecule, (Hückel method, 
Pariser-Parr-Pople Method, Extended Hückel Method, to name a few)32, more modern 
techniques consider all electrons in a molecular system. Ab initio (“from first principles”) 
methods include every electron and treat them as moving about the framework of bare 
nuclei. The baseline for all ab initio methods is Hartree-Fock (HF) theory, in which the 
total molecular wavefunction is written as a single slater determinant of spin orbitals, or 
AOs with spin contributions included.30,32 Because the electron-electron repulsion term in 
equation (19) cannot be solved exactly, HF theory is mathematically equivalent to 
assuming that electrons interact via their average electron distributions and thus do not 
correlate their motions. Post-Hartree-Fock ab initio methods all strive to capture 
16 
 
information regarding electron correlation, either through adding excited state 
configurations (Configuration Interaction (CI)) or by adding on perturbation terms 
(Møller–Plesset Perturbation Theory (MP)), but these procedures are considerably more 
computationally demanding.32 One could move in the other direction and ignore, or 
estimate using carefully chosen parameters, the complicated integrals present in the 
mathematical formulation of Hartree-Fock theory. Such techniques are termed semi-
empirical and despite their drastic approximations, often produce reasonable results 
rapidly.30,32 
 Density functional theory (DFT) affords an entirely different approach; instead of 
concentrating on wavefunctions, the electron density function ρ(r) is the key ingredient.33-
35 In 1964, Hohenberg and Kohn presented their two theorems of modern DFT: the 
ground state energies (and corresponding molecular properties) are a function of the 
electron density function, ρ(r), and an approximate ρ(r) provides an energy greater than 
or equal to the true energy of the system. Thus, ρ(r) has effectively replaced the 
wavefunction from Schrödinger equation-based theories. Following these revelations, 
Kohn and Sham (1965) re-introduced orbitals into DFT, and expressed the energy of the 
system in terms of the electron density function as follows:33-35 
    E[ρ(r)] = TS + Vne + Vee + EXC        (20) 
where TS is kinetic energy, Vne is electron-nuclear attraction, Vee is electron repulsion, 
and Exc is the exchange-correlation energy functional. 
 Here, the energy of the system is a function of the electron density function, or 
simply, the energy is a functional, i.e., a function of a function. Expression (20) 
symbolically states that Vne and Vee can be expressed in terms of ρ(r), and Ts in terms of 
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Kohn-Sham orbitals for non-interacting electrons.33,36 Consequently, the forms of these 
three terms can be known exactly. However, the exact mathematical structure of EXC is 
unknown and the exchange-correlation functional must be approximated using various 
methods (LDA, GGA, hybrids, etc.).33, 35-36 One of the most prevalent functionals for a 
variety of quantum chemical calculations is B3LYP, a hybrid functional containing 
Becke’s 3-parameter exchange functional37 and Lee, Yang, and Parr’s correlation 
functional.38 Exchange-correlation functionals allow one to gain information regarding 
electron correlation, making DFT an attractive method. 
 Density functional theory calculations begin by estimating an initial ρ(r) and then 
selecting an exchange-correlation functional to use. From here, the Kohn-Sham equations 
are solved to yield Kohn-Sham orbitals, which are related to the electron density function 
as follows:33 
     𝜌(𝑟) =  ∑ |𝜓𝐾𝑆,𝑖(𝑟)|
2𝑛
𝑖=1         (21) 
where 𝜓𝐾𝑆(𝑟) is a Kohn-Sham orbital. 
 Once a new ρ(r) is calculated, the cycle continues until there is an insignificant 
change in the newly calculated Kohn-Sham orbitals and/or electron density function. At 
this point, the calculation is said to have reached self-consistency. Finally, the optimal 
Kohn-Sham orbitals and electron density function can be used to solve equation (20) and 
provide the ground state energy of the molecule. From this information, all other 
properties of the physical system can be extracted using quantum chemical software and 
various mathematical (albeit complicated) procedures.31  
 For every quantum chemical calculation, including those applying DFT, a set of 
functions used to approximate the AOs in a molecule must be defined.32,39 Slater-type 
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orbitals (STOs) are said to approximate AO behavior rather well and have the general 
form: 
         𝜑𝑆𝑇𝑂 = 𝑁 ∗ 𝑒−𝑎𝑟         (22) 
However, STOs generally yield integrals, which appear abundantly in both ab inito 
methods and DFT, that are challenging to evaluate. On the other hand, Gaussian type 
orbitals (GTOs), which take the general form: 
         𝜑𝐺𝑇𝑂 = 𝑁 ∗ 𝑒−𝑏𝑟
2
                    (23) 
yield integral expressions that are significantly easier to evaluate. Therefore, it is 
common to approximate a STO as a linear combination of GTOs, a similar concept to the 
LCAO-MO expansion defined previously.39 
    𝜑𝑆𝑇𝑂 = 𝑐1𝜑1
𝐺𝑇𝑂 + 𝑐2𝜑2
𝐺𝑇𝑂 + ⋯ + 𝑐𝑛𝜑𝑛
𝐺𝑇𝑂        (24) 
 When three Gaussian-type orbitals combine to approximate a slater-type atomic 
orbital, the basis set is termed STO-3G, a minimal basis set which has not seen much use 
in recent years. Nowadays, larger and more accurate basis sets may be applied due to the 
availability of superior computers. Pople basis sets are commonly found in the literature 
and often take forms similar to the expression below:32,40 
         6-31++G** (or 6-31++G(d,p))                   (25) 
where the 6 represents inner AOs represented by 6 GTOs, the 31 indicates that valence 
AOs are split into 3 and 1 GTO(s) for the “inner” and “outer” STO, ++ designates 
diffuse functions on heavy (first +) and hydrogen (second +) atoms to account for charge 
buildup away from nuclei, and ** specifies d-type and p-type polarization functions to 
describe bond polarization in molecules. 
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 Although larger basis sets exist, it is critical to pick a set of basis functions that 
produce output parameters of desired accuracy at a reasonable computational cost. In the 
studies that follow this chapter, the basis set 6-31+G** is employed almost exclusively 
for calculations of acidic species, for this level of theory accounts for bond polarization 
as well as charge build-up on non-hydrogen atoms in conjugate bases. Density functional 
theory calculations are faster than almost all other post Hartree-Fock methods and are just 
as, if not more, accurate for a given basis set.41 Consequently, the use of density 
functional theory to accurately calculate molecular properties of interest for small to 
medium sized organic molecules in a timely manner was employed for the work to be 
described.  
1.5 Modeling Solvation   
 Molecular properties, such as ground state energies and thermodynamic 
quantities, are readily obtainable from quantum chemical methods in vacuum. To acquire 
the complementary solution-phase properties, however, an additional step not discussed 
in section 1.4 is mandatory—computational modeling of the solvent environment. The 
free molecule, acting as a solute, will be solvated and thus its geometry and charge 
distribution will differ from that in vacuum. Theoretical treatment of solvation has been 
the subject of extensive research42, and any approach to imitating solvation should 
embrace long-range and short-range polarization effects, non-electrostatic effects (cavity 
formation, solvent reorientation, …), and additional interactions such as hydrogen 
bonding.23  
 Two leading models are employed to simulate solute-solvent interactions: explicit 
and implicit (continuum) solvent modeling.1,3  Explicit solvent models place distinct 
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solvent molecules around a single solute molecule, thereby directly accounting for 
specific solute-solvent interactions.1 However, determining the number of explicit solvent 
molecules to include is challenging, and the method is normally computationally 
demanding (after all, each individual solvent molecule will require its geometry to be 
optimized during the formal quantum mechanical procedure).1,3 Continuum, or implicit, 
solvent models instead use a polarizable continuum medium. Here, a cavity representing 
the solute molecule is created and every point beyond the cavity wall is represented by 
bulk properties of the solvent.43 The dielectric constant (ϵ) is used to establish short-range 
polarization effects. Additional terms related to the Gibbs energy of solvation, such as 
cavity formation and solvent reorientation, can be evaluated using advanced expressions. 
Contributions from the solvent model are implemented into the Hartree-Fock or DFT 
optimization of the system, though the mathematical treatment of this perturbation can be 
complicated.43,44 
 Implicit solvent modeling is advantageous because of the reduced computational 
effort needed to evaluate solute and solvent properties. Unfortunately, continuum models 
may provide less accuracy for highly charged solutes and systems where explicit solute-
solvent interactions dominate the solvation energy.3 Nonetheless, for small organic 
structures and the evaluation of descriptors for structure-property relationships, implicit 
solvent models have seen much success.19-22 The work that follows employs the CPCM 
(conductor-like polarizable continuum model) solvent model, which has been shown to 
describe aqueous solvation free energies and Gibbs energy changes for organic molecules 
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2.1 Abstract 
 Carbon acids are compounds which ionize by dissociating along 
carbon−hydrogen bonds. Although commonly noted for the extremely low acidities of 
some members of this class, these compounds in fact display a wide range of pKas and 
upon proper substitution can even form strong acids. This study employs density 
functional theory to estimate the gas-phase acidities (ΔG°s) of these compounds and 
applies a quantitative structure−activity relationship (QSAR) method at the B3LYP/6-
31+G** level with the CPCM aqueous solvent model to estimate their aqueous pKas. For 
the latter study, the energy difference ΔE(H2O) in water between the parent compounds 
and their dissociation products was used as a single parameter. Good quality QSAR 
regression equations were obtained for both the gas-phase (R2 = 0.9905) and aqueous (R2 
= 0.9647) dissociations. These equations should be useful for the estimation of missing 
pKas for compounds in this class. A general discussion of the features affecting the pKas 




2.2 Introduction  
 Carbon acids form a highly diverse and important class of organic compounds 
distinguished by their dissociations along C−H bonds. These acids are widely used as 
solvents and reagents in organic synthesis1,2 and also find important roles in biochemical 
applications, where their acidities can influence phenomena such as the racemization 
rates of amino acids.3 Thus, a predictive theoretical model that can estimate the acidities 
of carbon acids in aqueous media is of considerable interest.  
 The Brønsted−Lowry interpretation of the dissociation of a monoprotic acid can 
be used to understand carbon acid deprotonation, where the acid dissociation constant (Ka 
or pKa) quantifies the extent of proton dissociation of a compound at a given 
temperature.2 Although unsubstituted hydrocarbon acids such as methane and ethylene 
are known for their extremely low acidities and correspondingly high pKas, substitutions 
on the molecular skeletons can drastically increase the acidities of these compounds and 
decrease their pKas. In this respect, electronic features such as inductive, resonance, 
hybridization, and aromatic effects are useful tools for interpreting the changes in 
molecular acidities.2,4  
 Owing to the variety of compounds that fall into this class and the strong 
influences that can be exerted on their electronic structures by substituents, carbon acids 
are found to exhibit an exceptionally wide range of pKa values (>50 pKa units).
4 This 
poses a challenge in creating a theoretical quantitative structure−activity relationship 
(QSAR) model for the carbon acids because many of the compounds fall well outside the 
range of customary pKa measurements in aqueous solution (0 < pKa < 14)
5 and their 
experimentally measured acidities are accordingly less precisely known. In addition, 
26 
 
some subclasses within this category exhibit unique reactive behaviors that require extra 
attention (vide infra).  
 Earlier treatments have focused on several aspects of carbon acid behavior. Work 
on carbon acids prior to 1972 has been reviewed in the book by Jones6 and includes 
experimental procedures for determining carbon acid acidities. Brinck et al.7 examined 
the relationship between the local ionization energies on the molecular surfaces of the 
conjugate bases and the compounds’ acidities. More recent studies have employed a 
variety of computational approaches. A density functional theory (DFT) study by Charif 
et al.8 was among the first to directly calculate gas-phase acidities and employ a solvent 
model and a thermodynamic cycle to estimate aqueous pKas. Ho and Coote
3 have 
examined biologically important carbon acids and used ab inito calculations with 
different solvent models to predict carbon acid pKas in aqueous solution. Alkorta et al.
9 
used DFT calculations to develop a statistical relationship between carbon acid pKas in 
DMSO and water. Ma et al.10 developed a relationship between parameters of the 
electrostatic potential surfaces of phenols and benzoic acids and the aqueous pKas of 
these compounds. A general review of this topic has been given by Shields and 
Seybold.11  
 Several approaches exist for calculating aqueous acidities, including first 
principles studies, which usually employ thermodynamic cycles and require high levels 
of theory for accuracy, QSARs, which seek to find instructive descriptors or markers in 
the experimental data, and commercial “black-box” programs, which often rely on the 
use of established parameters such as Hammett constants or similar descriptors to 
estimate dissociation constants. The use of QSAR models carries certain advantages,12 
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and QSARs have been used successfully both in previous studies from our research 
group13−16 and by others.17−19 In a QSAR model, a molecular property of interest, such as 
an experimentally determined pKa value, is correlated with one or more structural 
features in the form of molecular parameters or “descriptors”20−22 which normally can be 
determined computationally using quantum chemical software. The advantages of using a 
QSAR model include avoiding the need for extensive computational resources, while still 
obtaining reasonably accurate results. Gathering experimental values from the literature 
serves as a disadvantage, however, because one must rely on the accuracy of both the 
experiments and the values recorded, especially when data is copied multiple times over 
from older literature. With regard to the first issue, regression lines generated in a QSAR 
model can often “cut through” the experimental errors, or noise, within the data set and 
thereby average out some of the uncertainties.23 In acidity studies, the final regression 
equation yielded from a QSAR model can then be used to estimate the aqueous pKas of 
compounds whose values are not available in the literature and are difficult to measure or 
are desired prior to engaging in efforts to synthesize them. 
2.3 Methods 
 Experimental gas-phase acidities (ΔrG°) and aqueous phase pKa values for carbon 
acids were collected from the literature. We found 42 compounds for which aqueous 
phase pKa values attributed to C−H dissociations at 20−25 °C were reported, and for 34 
of these compounds, gas-phase ΔrG° values were available from the NIST webpage 
database.24  
 As in previous acidity studies from our laboratory, density functional theory 
computations at the B3LYP/6-31+G** level were carried out using the Spartan’16 and 
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Spartan’18 computational programs (Wavefunction, Inc., Irvine, CA).25 For the gas phase 
acidities, the ΔrG° values were calculated directly according to the general acid-
dissociation scheme HA ⇌ H+ + A−, where ΔrG° = [G°(H+ ) + G°(A−) ] − G°(HA). The 
standard Gibbs energy values G° for the neutral molecule and its dissociation products 
were recorded, including the vacuum G° for H+ of −26.3 kJ/mol.11 The final gas-phase 
ΔrG° values were compared to those given in the NIST database.  
 For the aqueous acidities, the CPCM solvent model of Cossi et al.26 was used to 
represent the aqueous environment. This level of computation has been found in earlier 
studies to provide both reasonable accuracy and suitable computational efficiency. 
Because the acid dissociation constant is directly related to the standard Gibbs free 
energy change of the acid dissociation reaction (i.e., ΔG° = −RT ln(Ka) ≈ 2.303RTpKa),
2 
ideally one would wish to employ this also in the aqueous phase. However, although gas 
phase ΔG° values can be directly calculated, the Gibbs energy changes in a solvent are 
typically difficult to estimate because of the difficulty of accounting for complex 
solute−solvent interactions.27 A logical solution is to seek an alternative molecular 
parameter in place of ΔG°. As discussed in the earlier work, the energy difference 
ΔE(H2O) between the aqueous energies of the anion and the corresponding neutral 
molecule has been found to be a reliable descriptor for QSAR studies of aqueous pKas for 
a variety of compound classes.12−16  
 We note here that differences exist between the 6-31+G** basis sets used for 
certain atoms in the Spartan program employed here and those in the widely-used 
Gaussian program [Gaussian, Inc., Wallingford, CT 06492 USA], so that results from the 
two programs should not be directly compared.28 Although C and H atoms are treated the 
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same, other atoms such as Br are represented with different numbers of basis orbitals. 
Such differences may also apply to other computational platforms as well. 
2.4 Results 
 Experimental aqueous pKas for the 42 carbon acids are shown in Table 2.1 along 
with the corresponding molecular formulas. 
Table 2.1. Experimental Aqueous pKa values and Formulas for Carbon Acids in This 
Study 
 










2 Acetylacetone C5H8O2 8.9544, 98 
3 Triacetylmethane C7H10O3 644 
4 Methane CH4 481,8-9,45 
5 Trinitromethane CHN3O6 0.068 
6 Malononitrile C3H2N2 1244 
7 Acetonitrile C2H3N 2544, 28.99 
8 Ethane C2H6 501,8 
9 Ethylene C2H4 441,8 
10 Acetylene C2H2 251,8, 2445 
11 Cyclopropane C3H6 461,8,45 
12 Cyclopropene C3H4 298 
13 Fluoroform CHF3 328,46 
14 Nitromethane CH3NO2 10.29,46 
15 Nitroethane C2H5NO2 8.644, 8.4647 
16 1-Nitropropane C3H7NO2 944 
17 2-Nitropropane C3H7NO2 7.79, 7.7444 
18 3-Nitropropene C3H5NO2 5.29 
19 Ethyl acetate C4H8O2 25.69 
20 Toluene C7H8 418-9,45 
21 Cyclopentadiene C5H6 158,45,48, 169 
22 Cyanocyclopentadiene C6H5N 9.7848 
23 Dimethyl sulfoxide C2H6OS 28.549, 3346, 3548 
24 Dimethyl sulfone C2H6O2S 28.549, 3346, 2848 
25 Indene C9H8 201,45 
26 Phenyl acetone C9H10O 15.99 
27 Fluorene C13H10 231 
28 Triphenyl methane C19H16 31.51,45 
29 Diphenyl methane C13H12 33.51,45 
30 Propane C3H8 511,45 
31 Isobutane C4H10 5345 
32 Propene C3H6 4345 
33 Benzene C6H6 4345 
34 Acetaldehyde C2H4O 13.5747 
35 Diethyl malonate C7H12O4 12.946 
36 Dinitromethane CH2N2O4 3.5750 
30 
 
37 Formaldehyde CH2O 13.2747 
38 Hydrogen Cyanide HCN 9.2147 
39 Phenyl acetylene C8H6 23.251 
40 t-butyl acetylene C6H10 25.4851 
41 Trichloroacetaldehyde C2HCl3O 10.0447 
42 Tricyanomethane C4HN3 -5.152 
 
Gas-Phase Acidities 
 Thirty-four experimental gas-phase ΔrG° values for the reaction A
− + H+ ⇌ AH 
were obtained from the NIST database and are recorded in Table 2.2 along with the 
calculated ΔrG° values and residuals.  
Table 2.2 Comparison of NIST and Calculated Gas-Phase ΔG° Values for the 34 Carbon 
Acids with Data Available in the NIST Data Website.24,a   
 
# Compound NIST ΔG° 
(kJ/mol) 
± (kJ/mol) Calculated 
ΔG° (kJ/mol) 
Residuals 
(NIST ΔG° - Calculated ΔG°) 
 
1 Acetone 1514 8.4 1516 -2 
2 Acetylacetone 1409 8.4 1390 19 
3 Triacetylmethane 1376 8.4 1326 50 
4 Methane 1715 15 1724 -9 
6 Malononitrile 1376 8.4 1349 27 
7 Acetonitrile 1528 8.4 1526 2 
8 Ethane 1723 8.8 1724 -1 
9 Ethylene 1670 8.8 1671 -1 
10 Acetylene 1550 20 1539 11 
11 Cyclopropane 1676 10 1701 -25 
13 Fluoroform 1549 6.3 1529 20 
14 Nitromethane 1467 8.4 1454 13 
15 Nitroethane 1462 8.4 1449 13 
17 2-Nitropropane 1464 8.4 1453 11 
19 Ethyl acetate 1527 17 1523 4 
20 Toluene 1557 8.4 1571 -14 
21 Cyclopentadiene 1455 8.4 1450 5 
23 Dimethyl sulfoxide 1533 8.4 1546 -13 
24 Dimethyl sulfone 1499 8.4 1508 -9 
25 Indene 1451 8.4 1444 7 
26 Phenyl acetone 1441 8.4 1439 2 
27 Fluorene 1439 8.4 1441 -2 
28 Triphenyl methane 1467 8.4 1457 10 
29 Diphenyl methane 1499 8.4 1484 15 
30 Propane 1721 8.8 1704 17 
31 
 
31 Isobutane 1692 8.8 1703 -11 
32 Propene 1606 4.6 1593 13 
33 Benzene 1636 8.4 1643 -7 
34 Acetaldehyde 1505 8.4 1499 6 
35 Diethyl malonate 1432 8.4 1424 8 
37 Formaldehyde 1618 1.7 1610 8 
38 Hydrogen Cyanide 1433 4.6 1428 5 
39 Phenyl acetylene 1518 8.4 1512 6 
40 t-butyl acetylene 1549 8.4 1554 -5 
    MAE 9.73 kJ/mol 
    MXE 27 kJ/mol 
    STDE 10.25 kJ/mol 
 
aThe mean absolute error (MAE), maximum absolute error (MXE), and standard error (STDE) are reported 
following removal of the triacetylmethane value. 
  
 Triacetylmethane (3-acetyl-2,4-pentanedione) was an obvious outlier, as apparent 
from its 50 kJ/mol residual, and this compound was removed prior to statistical analysis. 
The mean absolute error (MAE) of the residuals in Table 2.2 was 9.7 kJ/mol, with a 
maximum absolute error (MXE) of 27 kJ/mol. A plot of the experimental versus 
calculated ΔG° (kJ/mol) values is shown in Figure 2.1, which yielded the following 





Figure 2.1. DFT calculated gas phase ΔG° values versus literature gas phase ΔG° values 
for the acid dissociation reactions of the 33 carbon acids with data available in NIST 
(triacetylmethane removed as an outlier). 
 
 
   ΔG°calc = 1.0524 (± 0.0185) ΔGNIST - 84.152 (± 28.520)        (1) 
   n = 33, R2 = 0.9905, s = 10.25, F = 3224, MAE = 7.848 
 These results suggest that the level of theory used was adequate for producing 
calculated molecular values consistent with the experimental values.  
Aqueous Acidities 
 In a preliminary review, the experimental aqueous pKas were plotted against the 
earlier calculated vacuum ΔG° and ΔE values. These regressions afforded only modest 
correlations, with R2 no better than 0.8762 after removal of any apparent outliers. 
Inclusion of the CPCM continuum solvent model for the geometry optimizations and 
calculation of ΔE(H2O) noticeably improved the results. Initial results including all 42 
carbon acids are presented in Figure 2.2, with the following regression statistics: 































Figure 2.2. Experimental aqueous pKa values versus aqueous energy difference values 
(ΔEH2O) for all 42 carbon acids in his study, computed using the CPCM implicit solvent 
model. 
 
   pKa(H2O) = 0.1364 (± 0.0075) ΔEH2O -158.54 (± 10.01)        (2) 
   n = 42, R2 = 0.8920, s = 5.185, F = 330, MAE = 3.441 
 Still, formaldehyde was a notable outlier with a residual greater than 20 pKa units, 
and three of the four largest residuals belonged to formaldehyde, acetaldehyde, and 
trichloroacetaldehyde. In fact, early studies by Bell and co-workers29−31 revealed that 
these aldehydes react with the solvent and partially convert to hydrates when introduced 
into aqueous solution. The hydration equilibrium constants of formaldehyde, 
acetaldehyde, and trichloroacetaldehyde have been reported as pKHydration = −3.3, −0.1, 
and −4.5, respectively.32 These values indicate a strong dominance for the hydrated form 
in aqueous solution; thus, these compounds will actually deprotonate from hydrate diol 
groups33,34 and thus not act as carbon acids in aqueous solution. Interestingly, although 
this phenomenon occurs for the aforementioned aldehydes, this behavior is not evident in 























ketones such as acetone. Acetone exists in more than 99% unhydrated form in aqueous 
solution (pKHydration ≈ 2.7)
32 and should dissociate as a typical carbon acid.33  
 After removal of the three hydrates from our QSAR model, 2-nitropropane was 
also taken out because of a nearly 7 pKa unit residual. The final QSAR model including 
38 carbon acids is displayed in Figure 2.3.  
 
Figure 2.3. Plot of equation (3): experimental aqueous pKa values versus energy 
differences calculated in aqueous solvent model for 38 carbon acids (upon removal of 
three hydrates and 2-nitropropane). 
 
The regression statistics are: 
    pKa(H2O) = 0.1391 (± 0.0044) ΔEH2O - 161.01 (± 5.92)                  (3) 
   n = 38, R2 = 0.9647, s = 3.023, F = 984, MAE = 2.313 
 Results from the above model, including calculated pKas and residuals based on 
the differences between the experimental and calculated pKas, are presented in Table 2.3.  
Although a few compounds exhibited relatively high residuals (i.e., −6.08 for nitroethane 
and 6.06 for propene), care was taken to avoid removing more compounds as outliers.  























Table 2.3. Literature Aqueous pKa Values Along with Residuals Based on Calculated 
pKas from Final QSAR Model (Equation 3) for 38 Carbon Acids (Upon Removal of 
Three Hydrates and 2-Nitropropane) 
 








1 Acetone 19.7 24.19 -4.49 
2 Acetylacetone 8.95 11.25 -2.30 
3 Triacetylmethane 6 6.61 -0.61 
4 Methane 48 46.77 1.23 
5 Trinitromethane 0.06 -4.44 4.50 
6 Malononitrile 12 9.24 2.76 
7 Acetonitrile 26.95 27.80 -0.85 
8 Ethane 50 50.41 -0.41 
9 Ethylene 44 43.07 0.93 
10 Acetylene 25 23.44 1.56 
11 Cyclopropane 46 48.00 -2.00 
12 Cyclopropene 29 31.61 -2.61 
13 Fluoroform 32 27.31 4.69 
14 Nitromethane 10.2 14.88 -4.68 
15 Nitroethane 8.53 14.61 -6.08 
16 1-Nitropropane 9 14.69 -5.69 
17 2-Nitropropane 7.72 - - 
18 3-Nitropropene 5.2 8.62 -3.42 
19 Ethyl acetate 25.6 25.38 0.22 
20 Toluene 41 37.40 3.60 
21 Cyclopentadiene 15.5 17.47 -1.97 
22 Cyanocyclopentadiene 9.78 4.78 5.00 
23 Dimethyl sulfoxide 32.2 32.50 -0.30 
24 Dimethyl sulfone 29.8 28.66 1.14 
25 Indene 20 20.53 -0.53 
26 Phenyl acetone 15.9 20.39 -4.49 
27 Fluorene 23 23.37 -0.37 
28 Triphenyl methane 31.5 29.20 2.30 
29 Diphenyl methane 33.5 30.32 3.18 
30 Propane 51 49.84 1.16 
31 Isobutane 53 54.01 -1.01 
32 Propene 43 36.94 6.06 
33 Benzene 43 43.36 -0.36 
34 Acetaldehyde 13.57 - - 
35 Diethyl malonate 12.9 12.53 0.37 
36 Dinitromethane 3.57 0.62 2.95 
36 
 
37 Formaldehyde 13.27 - - 
38 Hydrogen Cyanide 9.21 9.47 -0.26 
39 Phenyl acetylene 23.2 23.75 -0.55 
40 t-butyl acetylene 25.48 26.45 -0.97 
41 Trichloroacetaldehyde 10.04 - - 
42 Tricyanomethane -5.1 -7.39 2.29 
 
 For carbon acids that do not have experimental aqueous pKa values readily 
available, equation (3) can be utilized to estimate the pKas by calculating the single 
parameter ΔE(H2O). To illustrate this, in Table 2.4, we have used equation (3) to 
estimate the aqueous pKas of 20 substituted ethylene, acetylene, and benzene derivatives, 
all of which are expected to dissociate as carbon acids. 
Table 2.4. Estimated Aqueous pKas for Selected Additional Carbon Acids using QSAR 
Regression Given in Equation 3 
 
# Compound ΔEH2O (kJ/mol) Predicted 
pKa(H2O) 
 
1 Diacetylene 1299 19.73 
2 Acrylonitrile 1364 28.71 
3 Chloroacetylene 1309 21.06 
4 Cyanoacetylene 1260 14.25 
5 Fluoroacetylene 1311 21.40 
6 Nitroethylene 1377 30.50 
7 Nitroacetylene 1246 12.31 
8 Tricyanoethylene 1259 14.16 
9 Trinitroethylene 1189 4.40 
10 Trifluoroethylene 1354 27.38 
11 Trichloroethylene 1334 24.58 
12 Cyanobenzene 1427 37.49 
13 Nitrobenzene 1415 35.85 
14 Pentacyanobenzene 1314 21.76 
15 Pentanitrobenzene 1247 13.95 
16 Fluorobenzene 1422 36.80 
17 Pentafluorobenzene 1329 23.88 
18 Chlorobenzene 1427 37.48 
19 Pentachlorobenzene 1352 26.99 




The compound 9-Anthrone (#20 in Table 2.4) has received attention in previous 
tautomerization studies,35 and its aqueous pKa is of interest for predicting equilibrium 
conditions. The literature value given for 9-anthrone has been estimated to be pKa = 
10.0,36 a 3.67 pKa unit difference from that calculated using our QSAR model. 
2.5 Structural Features Affecting Carbon Acid Acidities  
 The flexibility of carbon’s electronic cloud and the extensive range of the pKas of 
carbon acids allow some insights into the electronic features responsible for the variations 
in the acidities of these compounds. For the classic C2 hydrocarbons in the series ethane, 
ethylene, and acetylene, the major feature affecting acidity is the well-known 
hybridization of the carbon atom attached to the acidic proton. Because an s-orbital sits 
closer to the positive nucleus than does a p-orbital, electrons in an s-orbital are more 
stabilized than those in p-orbitals.4 Accordingly, as the s-character of the carbon atom 
increases (sp3 → sp2 → sp), the excess negative charge in the conjugate base formed after 
dissociation is more readily accomodated.4 The result is a more stable acetylene anion 
compared to the conjugate bases formed upon ethane and ethylene dissociation. Figure 
2.4 illustrates the variation in the natural charge37 Qn(C) on the carbon atom bearing the 
most acidic hydrogen atom for this series. Also included are the natural charges Qn(H) on 
the dissociating hydrogens of the parent compounds and the charges Qn(C−) on the 
















Figure 2.4.  Hybridization effects in C2HX compounds and their effect on pKa values: 
natural charges on the carbon atoms bonded to the most acidic proton in the neutral 
molecules are given as Qn(C) and those for the corresponding anion are given as Qn(C-). 
Natural charges on the dissociating proton are also given as Qn(H). 
 For the conjugate base anions of these compounds, as the carbon s-character 
increases, the charges on the carbons become less negative, indicating a more even 
charge distribution and more stable anionic species, which can be associated with more 
acidic character.  
 The most obvious effects on the pKas of carbon acids result from the electron-
donating or withdrawing influences of bonded groups. An electron-withdrawing group 
(e.g., F, CN, or NO2) will reduce the negative charge on the carbon atom, thereby 
reducing the attraction between the carbon and the hydrogen atoms. This increases the 
molecule’s acidity and decreases its pKa value (the opposite will be true for electron-
donating groups).1,2,4 This is displayed in Figure 2.5, taking available data for the three 
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 = 50       pK
a
 = 44      pK
a
 = 25 
Qn(C) = -0.712  Qn(C) = -0.462  Qn(C) = -0.273 
Qn(H) = 0.237   Qn(H) = 0.231   Qn(H) = 0.273 



























Figure 2.5. Changes of the acidities of substituted methanes resulting from the electron-
withdrawing powers of F, CN, and NO2 substituents: natural charges on the parent central 
carbon atom, Qn(C), on the dissociating hydrogen, Qn(H), and on the anionic central 
carbon atom,  Qn(C-), are listed. 
 
   pK
a
 = 10.2       pK
a
 = 3.57      pK
a
 = 0.06   
Qn(C) = -0.539  Qn(C) = -0.182  Qn(C) = -0.132 
Qn(H) = 0.287   Qn(H) = 0.325   Qn(H) = 0.361 
Qn(C-) = -0.392  Qn(C-) = -0.027  Qn(C-) = 0.243 
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a
 = 12      pK
a
 = -5.1  
Qn(C) = -0.819  Qn(C) = -0.676  Qn(C) = -0.527 
Qn(H) = 0.305   Qn(H) = 0.362   Qn(H) = 0.414 





 = 32        
Qn(C) = 0.916  
Qn(H) = 0.213 






 As illustrated, fluoroform is the least acidic trisubstituted methane compound in 
the figure. Although fluorine is the most electronegative element in the periodic table, its 
charge capacity38,39 is smaller than that of the other halogens or a cyano (nitrile) or nitro 
group. Consequently, the ability of the fluorine atom to accommodate the charge present 
in the conjugate bases is less than that of other halogens or cyano and nitro groups. The 
larger charge capacity of these latter two substituents provides an explanation for why 
tricyanomethane and trinitromethane are much more acidic than fluoroform. 
Additionally, the nitrile and nitro groups may also produce resonance structures that 
further stabilize tricyanomethane’s and trinitromethane’s dissociation products.40,41 (We 
note in passing that the partial charge attributed to an atom in a molecule is not a proper 
quantum chemical variable, and for many situations, more nuanced measures of the 
electronic charge distribution should be considered42).   
 Conjugated π systems, such as aromatic rings or carbonyls, can help disperse the 
negative charge on the dissociating carbon atom within extended π systems, yielding 
more acidic compounds.1,2,4 The compounds toluene, diphenylmethane, and 






















Figure 2.6. The series of carbon acids toluene, diphenylmethane, and triphenylmethane 
illustrating the effects of aromatic rings on the molecular pKa values: Charges on the 
exocyclic carbon bonded to the acidic hydrogen are noted for both the neutral and anionic 
species along with the natural charge on the dissociating proton.  
 The methyl hydrogen in each molecule will dissociate leaving an anion whose 
electrons can delocalize to an extent dependent on the number and planarity of the 
aromatic rings. Thus, triphenylmethane is the most acidic in this series, followed by 
diphenylmethane and then toluene. In this series, increasing the extent of the conjugated 
π system (i.e., the number of aromatic rings) affects the acidity of the compounds more 
than the coplanarity of the rings. In the DFT-optimized geometries for the three anions in 
this series of molecules, the toluene anion is completely planar and the diphenylmethane 
anion is almost planar, while the rings in the triphenylmethane anion are at an angle to 
one another. It is informative to note that toluene dissociates preferentially at the attached 
sp3 methyl group, yielding the extended planar anion, rather than at a C(sp2) position on 
the aromatic ring. Schemes 1 and 2 below present these two cases: 
 
 
   pK
a
 = 41       pK
a
 = 33.5      pK
a
 = 31.5 
Qn(C) = -0.717  Qn(C) = -0.497  Qn(C) = -0.304 
Qn(H) = 0.259   Qn(H) = 0.267   Qn(H) = 0.285 
Qn(C-) = -0.836  Qn(C-) = -0.454  Qn(C-) = -0.278 




Scheme 2.1. Conjugate base stability in toluene favors dissociation from the sp3 methyl 








Scheme 2.2. Anion stability presented for proton dissociation from para position on 








 The calculated ground-state energy of the toluene anion in Scheme 1 is lower 
(more negative) than any of the anion energies calculated for ortho-, meta-, or para-
dissociation on the ring as a result of resonance stabilization. If dissociation occurs on the 
aromatic ring, the resulting anionic lone pair would now be orthogonal to the π system 
and the electrons would be unable to delocalize within the conjugated structure. Further 
insights into this situation can be found in Table 2.1, where toluene is observed to be 100 
times more acidic than benzene.  
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 Figure 2.7 displays the series acetone, acetylacetone, and triacetylmethane. Here 
too, a lower negative charge on the carbon atom will favor dissociation in 
triacetylmethane, leading to a more acidic compound. The addition of carbonyls adjacent 
to the acidic proton withdraws electrons from the carbon atom and extends the 










Figure 2.7. Electron delocalization due to adjacent carbonyls in a series of carbon acids. 
Natural charges on the carbon atom bearing the acidic proton and the dissociating 
hydrogen are given. 
 
2.6 Conclusions 
 Acid dissociation constants provide insights into the behavior of chemical species 
in a given environment43 and are of great importance in the fields of synthetic organic 
chemistry, environmental science, and biological and medicinal chemistry. In the present 
work, a computationally inexpensive method has been developed to estimate the aqueous 
pKa values of carbon acids in water. A QSAR regression equation is generated based on 
literature aqueous pKas and EH2O values calculated within a solvent model. Outliers, 
mainly aldehydes that form hydrates in aqueous solution, were removed to provide a final 
   pK
a
 = 19.7       pK
a
 = 8.95      pK
a
 = 6 
Qn(C) = -0.797  Qn(C) = -0.645  Qn(C) = -0.520 
Qn(H) = 0.276   Qn(H) = 0.290   Qn(H) = 0.316 
Qn(C-) = -0.805  Qn(C-) = -0.570  Qn(C-) = -0.435 




QSAR model of statistical strength. Some comments regarding features of the molecular 
structures that affect pKas were also given to provide a qualitative understanding of the 
features that determine the relative acidities of these compounds.  
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Theoretical Estimation of the pKas of Saturated Alcohols in Aqueous Solution 
3.1 Abstract 
 As a logical extension of our carbon acids study, in which three aldehydes 
discovered as outliers were observed to form hydrates in aqueous solution, this study 
seeks to estimate the gas phase and aqueous acidities of saturated alcohols. The gas phase 
acidities were found by computing standard Gibbs energies for the neutral molecules and 
anions using density functional theory at the B3LYP/6-31+G** level, which yielded 
vacuum ΔG° values for the acid dissociation reactions. These values were compared to 
those on NIST for 16 of the 31 saturated alcohols, producing good results (R2 = 0.9764). 
Aqueous dissociation constants were estimated by developing a QSAR model that 
correlates the experimental aqueous pKas with the descriptor ΔE(H2O), computed using 
the aforementioned level of theory and CPCM aqueous solvent model. The final 
regression produced R2 = 0.9594 and was employed to estimate the pKas of the three 
geminal diols, yielding small differences between their calculated and experimental 
aqueous pKas. Application of the final regression model to predict aqueous pKas for 
structurally similar enols was also completed.  
3.2 Introduction 
 Molecules containing at least one hydroxyl moiety bonded to an alkyl carbon 
atom present in their molecular structure are termed alcohols, an important class of 
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organic compounds that can be used as common solvents or reagents in a wide variety of 
chemical reactions in synthetic chemistry.1,2 Because of their importance in synthetic 
organic and inorganic chemistry, knowledge of an alcohol’s acidity constant is of 
considerable importance to chemists. The pKa can be used to gauge which form of the 
molecule will be present in larger quantities in a particular solvent at a given 
temperature.1 Knowing this, a theoretical model that could estimate the acidities of a class 
of alcohols would be beneficial to synthetic chemists. 
 Heterolytic dissociation of an alcohol occurs at the hydroxyl O-H bond, affording 
a proton and negatively charged structure. Enhanced alcohol acidity is observed when 
neighboring electron withdrawing groups are near the dissociation site. Such substituents 
pull electron density away from the hydroxyl oxygen atom and therefore stabilize the 
resulting conjugate base.1,2 Increased acidity is also apparent in aromatic alcohols due to 
the appearance of conjugated π systems. This work, however, will place emphasis on 
saturated aliphatic alcohols, mainly for estimating ionization constants of hydrates and 
related species in aqueous solution.  
 Several studies have attempted to estimate acid dissociation constants of aliphatic 
alcohols. Citra3 computed atomic charge and bond order descriptors using the semi-
empirical AM1 method to generate a three-term QSPR regression with R2 = 0.89 for a set 
of 27 compounds. Work done by Zang and colleagues4 on a set of mostly aliphatic, with a 
few aromatic/unsaturated, alcohols found an R2 = 0.9675 from a plot of experimental 
aqueous pKas versus ΔE values calculated using density functional theory within the 
COSMO solvent model. This topic was also explored by Boyini Palli and Seybold5, 
whose best QSAR model for aliphatic alcohols (R2 = 0.808) was determined by 
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correlating natural charges on the dissociating hydroxyl substituent Qn(OH), calculated 
with DFT and the SM8 aqueous solvent model, with experimental aqueous pKas. 
 Hydrates are a special group of saturated alcohols, and their formation is 
attributed to nucleophilic attack of a carbonyl compound via water. Studies conducted by 
Bell and co-workers6-8 established that some carbonyl compounds will form the 
corresponding geminal diol species in aqueous solution at equilibrium in appreciable 
amounts. Aldehydes, particularly small structures without bulky substituents or 
containing electron withdrawing groups adjacent to the carbonyl, can in some instances 
exhibit large hydration equilibrium constants.9-10 Trichloroacetaldehyde provides one 
example, where the equilibrium lies to the right side of the expression below: 
Scheme 3.1. Hydration of trichloroacetaldehyde, or chloral, to produce chloral hydrate in 
aqueous solution.  
 
 Chloral hydrate, a sedative drug for children and adults11, is the predominate 
species in water. Generally, hydrated ketones do not dominate the equilibrium. Steric 
hinderance of the additional R-group present in a ketone’s structure impedes nucleophilic 
attack, and thus hydration is more challenging.1 Aldehydes with an increasing number of 
electron-withdrawing groups (i.e. chloral) that can pull electron density from the carbonyl 
carbon, and thus enhance electrophilicity, have larger equilibrium constants of hydration.  
 Recall from earlier work in this text that gas phase acidities, which are often 
recorded as ΔG° (or ΔH°), can be readily determined by calculating the standard Gibbs 
energy change for the acid dissociation reaction of the alcohol using quantum chemical 
software (making sure to account for G°(gas) of H+, which is -26.3 kJ/mol at 298.15 K).12 
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These values can be compared to values available on NIST for the appropriate proton 
transfer reactions. 
 Because Spartan’18 cannot accurately calculate the Gibbs energy change for a 
reaction in solution using a continuum solvent model (due to issues that arise from solute-
solvent interactions)13, a good approach is to find a substitute for ΔG°. Our work on 
carbon acids in Chapter 2 confirmed that ΔE is a strong descriptor, and thus the same 
parameter can be used to generate a quantitative structure-activity relationship of 
saturated alcohols of comparable statistical strength.  
 A reasonable extension of our carbon acids study would be to develop a QSAR 
model of saturated alcohols in aqueous solution. The three outliers from the carbon acid’s 
study (formaldehyde, acetaldehyde, and trichloracetaldehyde), when taken as carbonyl 
structures, saw poor pKa estimates with residuals as large as 20 pKa units. However, 
hydration equilibrium constants indicate that these molecules should exist primarily as 
geminal diols and deprotonate as alcohols in aqueous solution.9-10 Upon completing the 
saturated alcohols QSAR regression, the three outliers, when considered structurally as 
hydrates, should see pKa estimates from the alcohols model in much better agreement 
with experimental measurements. The final QSAR model developed from the training set 
of saturated alcohols can also be utilized to estimate dissociation constants of related 
compounds.  
3.3 Computational Methods 
 Quantum chemical calculations were performed using the Spartan’18 commercial 
program.14 Ground state geometry optimizations for each neutral molecule and its 
corresponding anion were calculated first in the gas phase, and then later within the 
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CPCM aqueous solvation model.15 These were carried out using density functional theory 
at the B3LYP/6-31+G** level of theory. The standard Gibbs energy (G°) for each 
molecule’s neutral and deprotonated species was recorded and utilized to calculate ΔG° 
for the dissociation reactions in the gas phase. The energy differences (ΔE) between the 
neutral and anionic forms were also recorded in the gas phase as well as within the 
CPCM aqueous solvent model. The gas phase acidities were reported as ΔG° values and 
compared to those available in NIST16, while the experimental aqueous pKas were plotted 
against the ΔE(H2O) values to produce a linear regression QSAR model. 
3.4 Results and Discussion  
 Experimental aqueous pKa values for the 31 saturated alcohols in this study are 
listed in Table 3.1. Constricting the data set to include only saturated alcohols was 
desired, since the hydrated species all share similar aliphatic structures and presumably 
dissociation mechanisms. Inclusion of unsaturated and cyclic systems might introduce an 
unnecessarily broad behavior set at the cost of accuracy and was therefore avoided. 
Table 3.1. Experimental pKa Values of Saturated Alcohols used in this Study  
# Formula Compound Experimental pKa (H2O) 
    
1 C3H2F6O 1,1,1,3,3,3-Hexafluoro-2-propanol 9.317,18 
2 C4H7F3O 1,1,1-trifluoro-2-methyl-2-propanol 11.619,20 
3 C3H5F3O 1,1,1-trifluoro-2-propanol 11.2220, 11.819 
4 C4H10O4 1,2,3,4-Butanetetrol 13.921 
5 C4H10O2 1,4-butanediol 15.14 
6 C4H10O 1-butanol 16.14 
7 C3H8O 1-propanol 16.14 
8 C3H3F5O 1-Propanol, 2,2,3,3,3-pentafluoro- 11.3519 
9 C3H3ClF4O2 2,2-Propanediol, 1-chloro-1,1,3,3-tetrafluoro- 7.922 
10 C3H2F6O2 2,2-Propanediol, 1,1,1,3,3,3-hexafluoro- 6.5822 
11 C3H2Cl3F3O2 2,2-Propanediol, 1,1,3-trichloro-1,3,3-trifluoro- 6.4822 
12 C3H2Cl4F2O2 2,2-Propanediol, 1,1,3,3-tetrachloro-1,3-difluoro- 6.4222 
13 C3H4F4O2 2,2-Propanediol, 1,1,3,3-tetrafluoro- 8.7922 
14 C3H2Cl2F4O2 2,2-Propanediol, 1,3-dichloro-1,1,3,3-tetrafluoro- 6.6722 
15 C3H3Br2F3O2 2,2-Propanediol, 3,3-dibromo-1,1,1-trifluoro- 7.6922 
16 C2H3Cl3O 2,2,2-Trichloroethanol 12.2421 
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17 C2H3F3O 2,2,2-trifluoroethanol 
11.420, 12.3721, 12.518, 
12.817 
18 C2H3N3O7 2,2,2-trinitroethanol 2.3723 
19 C3H4F4O 2,2,3,3-tetrafluoro-1-propanol 12.744 
20 C2H4Cl2O 2,2-dichloroethanol 12.8918 
21 C2H4F2O 2,2-difluoroethanol 1219 
22 C2H6O Ethanol 15.521 
23 C3H8O2 Ethylene glycol monomethyl ether 14.819,21 
24 C2H6O2 Ethyleneglycol 15.121 
25 C3H8O3 Glycerol 14.1521 
26 C3H8O iso-propanol 16.518 
27 CH4O Methanol 15.521 
28 C6H2F12O2 Perfluoropinacol 5.9522 
29 C4HF9O Perfluoro-t-butyl alcohol 5.424 
30 C3H8O2 Propylene glycol 14.94 
31 C4H10O tert-butanol 1718 
 
 Results of the gas phase acidity calculations are presented in Table 3.2 for 16 of 
the 31 saturated alcohols whose vacuum ΔrG° values were available in NIST.
16 Note that 
compound numbers correspond to those given in the previous table. The mean absolute 
error (MAE), maximum absolute error (MXE), and standard error (STDE) for the data set 
are also reported.  
Table 3.2. Comparison of NIST and Calculated ΔG° (B3LYP/6-31+G**) Gas Phase 
Values for Selected Saturated Alcohols 
# NIST ΔG° 
(kJ/mol)16 
± (kJ/mol) Calculated ΔG° (kJ/mol) Residuals 
(NIST ΔG° - Calculated ΔG°) 
     
1 1416 8.4 1389 27 
2 1479 8.4 1462 17 
3 1480 8.4 1458 22 
5 1507.1 1.3 1520 -12 
6 1543 8.8 1545 -2 
7 1546 8.8 1542 4 
8 1459 25 1455 4 
17 1482 8.4 1466 16 
21 1503 8.4 1482 21 
22 1559 4.6 1544 15 
23 1535 8.4 1529 6 
24 1510 8.4 1514 -4 
26 1542 4.6 1536 6 
27 1573.3 2.6 1558 15 
29 1356 8.4 1334 22 
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31 1540 4.6 1531 9 
   MAE 12.555 kJ/mol 
   MXE 27 kJ/mol 
   STDE 9.919 kJ/mol 
 
A mean absolute error of approximately 12.6 kJ/mol was recorded along with a 
maximum absolute error of 27 kJ/mol. Additionally, a visual depiction of the results is 
available in Figure 3.1, showing a favorable comparison between the calculated and 
experimental ΔG° values in vacuum. 
 
Figure 3.1. DFT (B3LYP/6-31+G**) calculated ΔG° values in vacuum versus literature 
gas phase ΔG° values for the proton transfer reactions of 16 saturated alcohols with data 
available in NIST.  
Regression statistics for the plot are presented as follows: 
 ΔG°calc = 1.0872 (± 0.0452) ΔGNIST – 141.38 (± 67.94)                  (1) 
 n = 16, R2 = 0.9764, s = 9.919, F = 578, MAE = 12.56 
























ΔG°calc (gas) vs. ΔG°NIST (gas)
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where n is the number of observations, or molecules in the data set, R2 is the coefficient 
of determination, s defines the standard error, F is the Fischer statistic, and MAE 
describes the mean absolute error of the calculated pKa values.  
 It is important to note ahead of time that the compound 2,2,2-trinitroethanol (#18 
in Table 3.1) was removed from all regression models. The geometry optimization 
calculation in Spartan’18 for this molecule’s anion both in vacuum and utilizing the 
CPCM aqueous solvent model yielded an abnormally long C-C bond length, suggesting 
that the anion is not stable. Such instability has been reported by Reinhard et. al.25, who 
suggested that the trinitroethoxide anion will convert mostly to the favored nitroformate 
ion and formaldehyde: 
         𝐶(𝑁𝑂2)3𝐶𝐻2𝑂
− ⇌  𝐶(𝑁𝑂2)3
−
+ 𝐶𝐻2𝑂                     (2) 
 Justification of this transformation is understood through resonance stabilization 
of the nitroformate ion, while this stabilizing effect is absent in the reactant alkoxide. 
Hence, because the dissociation of 2,2,2-trinitroethanol is inconsistent with the standard 
Brønsted-Lowry acid definition of the other saturated alcohols, it was removed from all 
QSAR models.  
 Next, the the experimental aqueous pKas were plotted against the calculated 




Figure 3.2. Plot of experimental aqueous pKa values versus calculated gas phase ΔE 
quantities, including all alcohols in the study except trinitroethanol.  
The regression statistics are provided in equation (3): 
                             pKa(H2O) = 0.0412 (± 0.0023) ΔEgas -50.3 (± 3.4)                     (3) 
   n = 30, R2 = 0.9211, s = 1.062, F = 327, MAE = 0.8331 
 Although the results using the gas phase ∆E values are rather good, they can be 
improved upon if the ground state energies are calculated within the CPCM aqueous 
solvent model. After completing the calculations, the experimental aqueous pKas were 
plotted against the computed ∆E(H2O) values in Figure 3.3.  

























Figure 3.3. Plot of experimental aqueous pKas versus calculated ∆E(H2O) values for all 
30 saturated alcohols in this study. 
This final QSAR model gave the following regression statistics in equation (4): 
       pKa(H2O) = 0.0671 (± 0.0026) ΔEH2O -74.0 (± 3.3)          (4) 
   n = 30, R2 = 0.9594, s = 0.7618, F = 661, MAE = 0.575 
 Clearly, the QSAR model in Figure 3.3 is superior to the one presented in Figure 
3.2, supporting the use of the CPCM solvent model to calculate ∆E. For each saturated 
alcohol, the calculated ΔE(H2O) values, calculated aqueous pKa values, and pKa residuals 































Table 3.3. ΔE (H2O) and Aqueous pKa Values (Calculated Using Equation (4)) Along 
with Residuals Based on Estimated pKa Values for the Saturated Alcohols in this Study 
 







(Experimental – Calculated) 
     
1 1246 9.3 9.63 -0.33 
2 1293 11.6 12.85 -1.25 
3 1290 11.51 12.60 -1.09 
4 1299 13.9 13.24 0.66 
5 1334 15.1 15.57 -0.47 
6 1335 16.1 15.66 0.44 
7 1335 16.1 15.66 0.44 
8 1290 11.35 12.60 -1.25 
9 1221 7.9 7.96 -0.06 
10 1205 6.58 6.91 -0.33 
11 1203 6.48 6.76 -0.28 
12 1200 6.42 6.61 -0.19 
13 1229 8.79 8.50 0.29 
14 1203 6.67 6.80 -0.13 
15 1214 7.69 7.51 0.18 
16 1276 12.24 11.67 0.57 
17 1291 12.1 12.67 -0.57 
19 1297 12.74 13.09 -0.35 
20 1291 12.89 12.72 0.17 
21 1300 12 13.30 -1.30 
22 1335 15.5 15.62 -0.12 
23 1323 14.8 14.83 -0.03 
24 1323 15.1 14.85 0.25 
25 1296 14.15 13.01 1.14 
26 1337 16.5 15.76 0.74 
27 1334 15.5 15.60 -0.10 
28 1162 5.95 4.02 1.93 
29 1194 5.4 6.17 -0.77 
30 1312 14.9 14.08 0.82 
31 1340 17 16.00 1.00 
 
 The final QSAR model displayed in Figure 3.3 was utilized to calculate the 
aqueous pKa values of the three compounds forming hydrates/diols in aqueous solution 
that were obvious outliers in the carbon acids study. Initially, the ∆E(H2O) values for the 
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carbon acids acetaldehyde, formaldehyde, and trichloroacetaldehyde were used to 
calculate the pKas by utilizing the final QSAR model from our carbon acids study, and 
then using the final saturated alcohols QSAR model of equation (4). Following this, a 
significant improvement in the correlation between the calculated and experimental pKas 
is revealed if the ∆E(H2O) values for the corresponding hydrates are used, as shown at 
the bottom of Table 3.4.  
Table 3.4. Differences Between the Calculated and Experimental Aqueous pKa Values of 
the Three Aldehyde/Hydrate Combinations of Interest 




Difference (Δ pKa) 
    
Acetaldehyde 21.31 13.57 7.74 
Formaldehyde 36.60 13.27 23.33 
Trichloroacetaldehyde  22.54 10.04 12.50 
    
Carbon Acid Calculated Saturated 
Alcohol pKa (H2O) 
Experimental 
pKa (H2O)21 
Difference (Δ pKa) 
    
Acetaldehyde 13.96 13.57 0.39 
Formaldehyde 21.33 13.27 8.06 
Trichloroacetaldehyde  14.55 10.04 4.51 
    
Hydrate Calculated Saturated 
Alcohol pKa (H2O) 
Experimental 
pKa (H2O)21 
Difference (Δ pKa) 
    
1,1-ethanediol 13.45 13.57 -0.12 
Methanediol 13.49 13.27 0.22 
Chloral hydrate 9.28 10.04 -0.76 
 
 Calculations were done first using the final carbon acids QSAR Model, followed 
by the final saturated alcohols QSAR Model of equation (4). Examination of the results 
above provides evidence that the final saturated alcohol QSAR model in Figure 3.3 
estimates the aqueous pKas of the hydrates from the carbon acid study incredibly well. 
The conclusion that these three carbon acids do exist primarily as geminal diols in 




 Internal checks of structure-activity relationships are often helpful, for they ensure 
the model is accurately calculating the quantity of interest even for molecules included in 
the data set. Fluorinated alcohols, compounds #9-15, taken from Middleton and 
Lindsey’s work22 were tested against the final QSAR model of equation (4), and the 
results are tabulated in Table 3.5.  
Table 3.5. Calculated Aqueous pKas of Fluoro Diols Included in Data Set using the 
Saturated Alcohols QSAR Model  
 




Difference (Δ pKa) 
    
9 7.96 7.9 0.06 
10 6.91 6.58 0.33 
11 6.77 6.48 0.29 
12 6.61 6.42 0.19 
13 8.50 8.79 -0.29 
14 6.80 6.67 0.13 
15 7.52 7.69 -0.17 
 
Even highly acidic fluoro alcohols, whose conjugate base stabilization is increased due to 
internal hydrogen bonding, fit well into the saturated alcohols QSAR model as seen by 
the small listed pKa differences.  
 Although the training set of compounds was limited to saturated alcohols, an 
attempt to calculate the aqueous pKas of a few classic enol compounds using equation (4) 
is shown in Table 3.6.  
Table 3.6. Estimated Aqueous pKas of a Few Classic Enols using the Final Saturated 
Alcohols QSAR Model  
 




    
Acetone Enol 1272 11.44 11.826, 10.9427 
Methyl ethyl ketone Enol 1273 11.50 12.126 
Cyclohexanone Enol 1286 12.36 12.126, 11.7027 




 Though enols are conjugated species, ionization of their alkyl substituted 
hydroxyl moiety may be similar enough to the saturated alcohols so that the enols may be 
included in the behavior set. Since enol pKas are difficult to gather experimentally, use of 
the saturated alcohols QSAR model is an attractive alternative for their pKa estimation. 
The preliminary results of Table 3.6 show favorable comparisons between the calculated 
pKa
Enol values estimated using our saturated alcohol regression model and the available 
experimental aqueous pKa
Enol values.  
3.5 Conclusions 
 Structure-activity relationships allow an experimental property to be estimated 
from descriptors calculated using quantum chemical software at a sensible level of 
theory. In this study, a set of saturated alcohols was gathered, and their gas phase 
acidities were calculated and compared to those in a reliable database. Aqueous pKas 
were then estimated by taking the energy difference ΔE as a reliable descriptor and 
employing linear regression analysis. Three aldehyde outliers from our carbon acids work 
were shown to behave as hydrates, as demonstrated by the small differences between 
their experimental aqueous pKas and their pKas calculated from our alcohol’s QSAR 
model. It is believed that experimental pKa measurements of these aldehydes reflect the 
hydrated species in aqueous solution. One application of our final model was explored by 
computing aqueous pKas for a few classic enols with excellent accuracy.  
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Estimation of Ketone Molecular Acidities in Dimethyl Sulfoxide using QSAR 
4.1 Abstract 
 The acidity of α-hydrogens within carbonyl compounds is widely recognized in 
organic chemistry, for this molecular site enables a variety of organic reactions to 
transpire. Protons located at this site are considerably more acidic compared with their 
alkane C-H counterparts. Related to this, a recent report by Xing et al.1 has presented 
results suggesting that our understanding of keto-enol equilibria may be incomplete. This 
chapter pursues development of a quantitative structure-activity relationship (QSAR) 
model pairing the experimental pKas of 30 ketones in DMSO with a quantum-calculated 
energy parameter, ΔE. Geometry optimization computations were performed using 
density functional theory at the B3LYP/6-31+G** level within the CPCM solvent model, 
adjusted for dimethyl sulfoxide in the options box prior to submitting a job in Spartan’18. 
Values for the ΔE descriptor were obtained from the ground-state energy difference 
between the conjugate base and its neutral parent. When only the keto or enol tautomers 
were employed separately, the linear regression results were modest at best: R2 = 0.8477 
for the keto tautomers and R2 = 0.7694 for the enol tautomers. Significant improvement 
was noticed when descriptors for both tautomers were incorporated into a binary linear 
regression against the experimental pKas (R
2 = 0.9670 upon removal of one outlier). 
Results shown here compare favorably to those found in Xing’s work and suggest that 
including molecular information describing both the keto 
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and enol tautomers’ tendency to deprotonate affords an improved estimation of a 
carbonyl compound’s ionization constant.  
4.2 Introduction 
 Ketones, which are widely utilized in organic synthesis, biochemistry, industrial 
processes, and environmental chemistry,2-3 are well known for their increased acidity 
when compared to saturated hydrocarbons. This increase is due to the carbonyl bond 
present in the ketone R-C(O)-R skeletal structure. The electronegative oxygen atom tends 
to hoard electron density, thereby inducing a positive charge on the carbon atom of the 
carbonyl bond and rendering it susceptible to nucleophilic attack. Protons on carbons 
adjacent to the carbonyl, or α-carbons, are more readily cleaved upon introduction of a 
strong base. The negative charge present in the corresponding conjugate base, or enolate 
ion, is resonance stabilized: ketone pKa values often fall in the 20s, whereas many carbon 
acids, such as alkanes, are very weak proton donors with pKas of roughly 40-50.
2-3 
Molecular acidities expressed as pKas are critical information since they express 
quantitatively how a compound will behave in a given chemical environment.1,4 Because 
ketones are so prevalent in a variety of chemical applications, attainment of accurate 
dissociation constants is critical.  
 A method for measuring pKas of carbon acids and ketones in dimethyl sulfoxide 
solution was developed5 and later refined6 by Bordwell et. al. This comparative technique 
involves titrating a known acid’s anion with an unknown acid of different absorption 
wavelength and measuring the anion concentration with a spectrophotometer. Application 
of this procedure to a variety of meta and para substituted acetophenones supplied a 
number of acidity constants in DMSO that could be related to appropriate Hammett 
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constants.7 Much of the work carried out to acquire molecular dissociation constants for 
ketones and a plethora of other organic compounds in DMSO has been tabulated by 
Bordwell.8-9 Bordwell and Harrelson have also reported equilibrium pKas in DMSO, α-
proton homolytic cleavage energies, and oxidative potentials for several α-substituted 
ketones.10  
 Theoretical treatments of the subject have employed several unique approaches. 
Nakamura and coworkers examined the C-H acidity of Meldrum’s acid and associated 
carbonyl compounds using a reactive hybrid orbital (RHO) method, uncovering a strong 
correlation between experimental dissociation energies in DMSO and unoccupied 
RHOs.11 Khursan and Ovchinnikov suggested a thermodynamic cycle to relate gas-phase 
and DMSO acidities of C-H, N-H, O-H, and S-H acids utilizing quantum chemical 
composite methods and implicit solvent improvements.12 Xing. et. al.’s work, which 
found a significant binary linear regression correlation between calculated keto and enol 
nuclear magnetic resonance shielding constants and a parent compound’s experimental 
pKa in DMSO (best case R
2 = 0.902), strongly influenced the present study.1  
 We recently published a study, presented in Chapter 2, utilizing a quantitative 
structure-activity relationship to estimate carbon acid acidities in aqueous solution by 
correlating a single parameter ΔE, calculated within the CPCM aqueous solvent model, 
against experimental aqueous pKas.
13 However, several of the ketones in this work 
exhibited residuals of 4 or more pKa units and therefore further examination of these 
compounds seemed warranted. 
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 Compared to other carbon acids, ketones do not typically exist as a single species 
in solution. Rather, it is well established that ketones exist in a tautomeric equilibrium 
between a keto and enol form as presented below.2 





 For this arrangement, the enolization equilibrium constant (right-pointing arrow) 
KE = 6.0 (± 1.1) * 10
-9 in aqueous solution at 25°C.14  These equilibria are acid-base 
catalyzed and are greatly influenced by solvent, concentration, and solution temperature.2 
Keto-enol equilibria typically prefer the keto form and isolating the sparse enol content 
can be quite challenging (although exceptions do exist).2-3  
 Guthrie and coworkers estimated equilibrium constants for a few simple 
carbonyls using both thermodynamic measurements15 and pKa estimations.
16 A review 
article by Hart provides examples of stable enols, their structural properties, and 
techniques for their synthesis.17 Later, flash photolysis was employed by Kresge18 to 
produce enols and ynols from simple carbonyl compounds. Acid dissociation constants in 
aqueous solution for both the keto and enol tautomers were recorded along with keto-enol 
equilibrium constants, and the following relationship was established: pKEnolization = 
pKa
Keto- pKa
Enol. Kresge and colleagues extended this work and collected several new 
equilibrium constants for simple aldehydes and ketones in water from kinetic data.19 A 
detailed review of these equilibria is given in Rappoport et. al.’s book.20 
 In this chapter, the thirty ketones from Xing et. al. will be used to construct a 
structure-activity relationship in which the experimental pKas in DMSO will be plotted 
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against the single parameter ΔE for both the keto and enol tautomers of each molecule. A 
binary linear regression will then be constructed to assess whether inclusion of both the 
keto and enol descriptors together improves the final regression results as suggested by 
Xing.1 
4.3 Computational Methodology 
 Thirty ketones and their corresponding structures listed in Xing et. al.1 provided 
the data set for this study. Experimental pKas in dimethyl sulfoxide solution were 
collected from Bordwell.8-9 Geometry optimization calculations were performed in 
Spartan’1821 using density functional theory along with the B3LYP exchange-correlation 
functional and 6-31+G** basis set, both reasonable choices given our previous studies.13, 
22-23 Modeling of the solvent environment was accomplished using the CPCM solvent 
model24 available in Spartan for DMSO’s dielectric constant of roughly 47 (this is 
achieved by adding the line “SOLVENT=CPCM:DIMETHYLSULFOXIDE” into the 
options box prior to submitting a job). Several calculated quantities were tested as 
possible descriptors against the experimental pKas, including the difference between the 
ground state energy of the dissociation product and that of the neutral molecule (ΔE), 
equilibrium bond lengths, natural atomic charges, and maximum/minimum values of 
electrostatic potential surfaces and local ionization potential maps. 
 Because the conjugate bases of a carbonyl compound’s keto and enol tautomers 
are resonance structures, both anions are considered identical. To test this, geometry 
optimization calculations for both the keto anion and enol anion of each molecule were 
performed, and the ground state energies compared. Enhanced stability is understood via 
a lower calculated energy and thus, the lowest energy anion was used in ΔE and other 
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descriptor calculations. Importantly, the majority of the thirty ketones provided keto and 
enol anions with nearly identical ground state energies. Differences between these two 
energy values likely emerge from errors in the structure optimization step during 
quantum chemical calculations, where a molecule becomes stuck in a higher energy 
conformer.25  
 Routine linear regressions were constructed to test for descriptor and experimental 
pKa correlations. Binary linear regressions using the data Analysis Toolpak add-in in 
Microsoft Excel were also explored.   
4.4 Results and Discussion  
 Experimental pKas in DMSO for the 30 ketones numbered in Xing et. al.
1 are 
shown in Table 4.1 along with their corresponding molecular formulas. Skeletal 
structures of each compound are also provided in Xing’s work.  
Table 4.1. Experimental pKa Values in DMSO and Molecular Formulas for 30 Ketones 
in this Study 
 
Number Molecular Formula pKa (DMSO)8-9 
 
1 C26H22OP+ 6.1 
2 C8H6O3S 10.1 
3 C9H7NO 10.2 
4 C14H12O3S 11.4 
5 C14H12OS 17.1 
6 C14H12OSe 18.6 
7 C15H14OS 19 
8 C14H18OS 19.45 
9 C11H13NO2 19.5 
10 C8H6F2O 20.2 
11 C20H17NO 20.3 
12 C9H10O2S 21.4 
13 C8H7FO 21.7 
14 C7H7NO 21.8 
15 C9H10O3S 12.5 
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16 C9H8O 23 
17 C4H8O 24.4 
18 C8H8O 24.7 
19 C4H6O 25.05 
20 C5H8O2 25.2 
21 C12H14O 25.8 
22 C11H12O 26.15 
23 C10H12O 26.25 
24 C6H10O 26.4 
25 C3H6O 26.5 
26 C13H16O 26.7 
27 C10H18O 26.8 
28 C7H12O 27.8 






 Importantly, the pKa value of compound #15 in Xing’s work that was taken from 
Bordwell’s 1988 paper8 was listed as 22.1, and seems to contradict other work from 
Bordwell and co-workers.10,26 We decided to use pKa = 12.5 for this compound, since it 
was the value provided in multiple other Bordwell papers10,26, Bordwell’s pKa table 
online9, and granted a good data point for our regressions (use of pKa = 22.1 would 
generate an outlier).  
 Initially, the experimental pKas recorded in DMSO were plotted against several of 
the calculated quantities. The ΔE(DMSO) values outperformed the other potential 
descriptors and were accordingly chosen as the best quantum-calculated variable to 
describe the ketone pKas. Remarks on the calculation of ΔE(DMSO) should be given. The 
ground state energy of each molecule’s neutral keto or neutral enol species will differ 
since the keto and enol tautomer structures vary. For both tautomers, however, the 
corresponding conjugate bases are identical resonance structures and therefore the same 
anion. Most ketones in the data set saw negligible differences between the keto anion and 
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enol anion (enolate) energies, according to Table 4.2. The lower energy form is bolded 
for convenience.  
Table 4.2. Comparison of Anion Energies Between Keto and Enol Tautomers Calculated 















1 6.1 -3728383.57 -3728383.68 0.11 -2.82E-06 
2 10.1 -2446537.21 -2446535.74 -1.48 -6.03E-05 
3 10.2 -1251601.96 -1251591.72 -10.24 -8.18E-04 
4 11.4 -3056370.91 -3056369.05 -1.86 -6.10E-05 
5 17.1 -2661458.64 -2661458.30 -0.34 -1.28E-05 
6 18.6 -7920589.97 -7920588.52 -1.44 -1.82E-05 
7 19 -2764686.79 -2764686.26 -0.53 -1.90E-05 
8 19.45 -2670981.51 -2670983.98 2.47 -9.24E-05 
9 19.5 -1658579.35 -1658579.26 -0.09 -5.22E-06 
10 20.2 -1530410.30 -1530410.37 0.07 -4.29E-06 
11 20.3 -2367962.92 -2367961.34 -1.58 -6.66E-05 
12 21.4 -2355520.77 -2355524.75 3.98 -1.69E-04 
13 21.7 -1269855.46 -1269855.96 0.50 -3.91E-05 
14 21.8 -1051436.29 -1051436.17 -0.11 -1.07E-05 
15 12.5 -2552910.94 -2552913.62 2.68 -1.05E-04 
16 23 -1109389.39 -1109389.36 -0.03 -3.08E-06 
17 24.4 -609094.80 -609094.39 -0.41 -6.72E-05 
18 24.7 -1009317.78 -1009317.69 -0.09 -9.10E-06 
19 25.05 -605832.63 -605832.62 -0.01 -2.17E-06 
20 25.2 -906669.05 -906669.02 -0.02 -2.61E-06 
21 25.8 -1419023.28 -1419026.87 3.59 -2.53E-04 
22 26.15 -1315723.05 -1315723.30 0.25 -1.92E-05 
23 26.25 -1215754.90 -1215754.71 -0.18 -1.51E-05 
24 26.4 -812372.64 -812372.60 -0.04 -5.49E-06 
25 26.5 -505872.28 -505872.33 0.05 -9.34E-06 
26 26.7 -1522264.40 -1522264.73 0.34 -2.22E-05 
27 26.8 -1225215.88 -1225215.57 -0.32 -2.57E-05 
28 27.8 -915581.73 -915581.75 0.02 -2.29E-06 
29 28.2 -918756.74 -918756.52 -0.22 -2.40E-05 




 For a select few compounds, noticeable differences were originally present that 
should be acknowledged. In an attempt to eliminate these energy discrepancies, several 
calculations with varying starting geometries prior to the final DFT calculation (either 
molecular mechanics (MM) or semi-empirical PM6 as initial input) were completed, and 
the anion energies post-DFT are shown in Table 4.3. The lowest energy of the four trials 
is bolded for convenience, and the sample standard deviation (std. dev.) of the trial runs 
for each anion is also presented.  
Table 4.3. Replicate Calculations of Anion Energies for Selected Ketones. Energies 
Presented are Post-DFT Geometry Optimization (B3LYP/6-31+G**) 










3 MM -476.709943 -476.705144 -1251601.96 -1251589.36 
 MM -476.709911 -476.706043 -1251601.87 -1251591.72 
 PM6 -476.709871 -476.706043 -1251601.77 -1251591.72 
 PM6 -476.70991 -476.706043 -1251601.87 -1251591.72 
      
 (Std. dev.) 2.947E-05 4.495E-04 7.736E-02 1.180 
      
10 MM -582.902419 -582.900263 -1530410.30 -1530404.64 
 MM -582.902417 -582.900263 -1530410.30 -1530404.64 
 PM6 -582.90236 -582.902442 -1530410.15 -1530410.36 
 PM6 -582.902433 -582.902444 -1530410.34 -1530410.37 
      
 (Std. dev.) 3.229E-05 1.259E-03 8.479E-01 3.305 
      
12 MM -897.170261 -897.17181 -2355520.52 -2355524.59 
 MM -897.170343 -897.171861 -2355520.74 -2355524.72 
 PM6 -897.170356 -897.171847 -2355520.77 -2355524.68 
 PM6 -897.170344 -897.171871 -2355520.74 -2355524.75 
      
 (Std. dev.) 4.373E-05 2.671E-05 1.148E-01 0.070 
      
28 MM -348.726616 -348.722686 -915581.73 -915571.41 
 MM -348.72653 -348.722545 -915581.50 -915571.04 
 PM6 -348.721209 -348.726624 -915567.53 -915581.75 
 PM6 -348.726513 -348.721223 -915581.46 -915567.57 
      
 (Std. dev.) 2.672E-03 2.331E-03 7.016 6.121 
      
30 MM -461.7648296 -461.802547 -1212363.56 -1212462.59 
 MM -461.764829 -461.802535 -1212363.56 -1212462.56 
 PM6 -461.802528 -461.802405 -1212462.54 -1212462.21 
 PM6 -461.802529 -461.80244 -1212462.54 -1212462.31 
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 (Std. dev.) 2.177E-02 7.006E-05 57.146 1.840E-01 
 
 Evidently, there are instances where the initial geometry plays a significant role in 
determining the ground state energy of an anion. The sample standard deviations 
provided for the anions of compound #28 and #30 confirm this belief. Moving forward, 
the lower energy anion listed in Table 4.2 for each ketone was used for all ΔE 
calculations presented in figures. Here, a common anion is said to be formed by both 
tautomers. Conversely, one may wonder how the results may differ if the intermediate 
anions (i.e. neutral keto-keto anion and neutral enol-enol anion pairings) were instead 
employed to calculated ΔE values. Regression statistics for this method will also be 
provided. 
 Notably, the natural charge27 on the hydroxyl group of the enols, Qn(OH), 
appeared to be feasible as a pKa descriptor at first (R
2 = 0.8272 for experimental pKas 
verus this parameter). Unfortunately, this calculated quantity did not outperform ΔE in 
the binary linear regression (R2 = 0.9144), so use of an identical descriptor for both 
tautomers was chosen for simplicity. 
  Two distinct linear regressions were generated utilizing the single parameter 
ΔE(DMSO), one in which the keto form of each molecule was considered (ΔEKeto) and 
another that employed the enol tautomers (ΔEEnol). Results for the ketone version of each 




Figure 4.1. Plot of experimental pKas (DMSO) versus ΔEDMSO (kJ/mol) for the keto 
tautomers of the thirty different ketones. 
 
The subsequent regression statistics accompany this plot:  
 pKa(DMSO) = 0.1379 (± 0.0110) ΔEKeto – 159.48 (± 14.49)                (1) 
 n = 30, R2 = 0.8477, s = 2.409, F = 156, MAE = 1.648 
Upon further examination of this model, it is evident that the data point corresponding to 
compound #9 (ΔEKeto ~ 1361 kJ/mol, pKa = 19.5) falls significantly far from the 
trendline. Removal of this potential “outlier” in the keto-tautomer plot offers improved 
regression statistics:  
 pKa(DMSO) = 0.1477 (± 0.0081) ΔEKeto – 172.03 (± 10.67) (2) 
 n = 29, R2 = 0.9241, s = 1.729, F = 329, MAE = 1.311 
However, compound #9 will be included and assessed in future regressions to avoid 
removing a data point prematurely.   























 Figure 4.2 illustrates a similar regression for the enol tautomers of each ketone. 
Regression statistics are provided below the plot, indicating that the ΔEEnol descriptor did 
not perform as well as the ΔEKeto parameter shown previously. 
 
Figure 4.2. Plot of experimental pKas (DMSO) versus ΔEDMSO (kJ/mol) for the enol 
tautomers of the thirty different ketones.  
 
 pKa(DMSO) = 0.1523 (± 0.0158) ΔEEnol – 169.22 (± 19.72) (3) 
 n = 30, R2 = 0.7694, s = 2.964, F = 93, MAE = 2.125 
 It is imperative to note again that the regressions and associated statistics 
presented thus far include a ΔE descriptor calculated with the common anion method. 
Incorporation of the intermediate anion method outlined previously yields regression 
statistics that vary marginally compared with expressions (1) and (3). Equation (4) below 
presents the results after utilizing intermediate anions for the keto tautomers: 
 pKa(DMSO) = 0.1388 (± 0.0109) ΔEKeto – 160.76 (± 14.35)      (4) 
 n = 30, R2 = 0.8520, s = 2.374, F = 161, MAE = 1.621 






















Similarly, equation (5) offers the intermediate anion method results for the enol 
tautomers: 
 pKa(DMSO) = 0.1529 (± 0.0166) ΔEEnol – 170.10 (± 20.85) (5) 
 n = 30, R2 = 0.7508, s = 3.081, F = 84, MAE = 2.197 
Minor improvements are apparent when comparing equations (1) and (4), while a 
small statistical decline is observed progressing from equation (3) to (5). The 
intermediate anion method does not appear to drastically better the results of the single-
parameter regressions.  
 Keto-enol tautomerism is ever-present in solution phase chemistry and therefore, 
a predictive model that can integrate descriptors of both keto and enol dissociation would 
be beneficial. A binary linear regression, taking the experimental pKas of the 30 ketones 
and plotting them against the formerly computed ΔEKeto and ΔEEnol values, yields the 
following regression equation and measures of statistical strength: 
pKa(Calculated) = 0.0903 (± 0.0131) ΔEKeto + 0.0715 (± 0.0152) ΔEEnol  -186.56 (± 12.36)  (6)
 n = 30, R2 = 0.9164, s = 1.818, F = 148, MAE = 1.160 
Figure 4.3 demonstrates the quality of the multiple linear regression findings by plotting 
the pKas calculated within the CPCM-DMSO solvent model using equation (6) against 
the experimental pKas in DMSO. The regression equation corresponds to results of binary 





Figure 4.3. Graph of experimental DMSO pKas for all 30 ketones versus the calculated 
pKas within CPCM-DMSO solvent model.  
 
Notice that one data point, compound #12, appears as a considerable outlier in this 
regression model, and a 6.73 pKa unit difference between the experimental and calculated 
pKa verifies this claim. Removal of the stated ketone affords a much better binary linear 
regression in Figure 4.4 along with stronger regression statistics. The regression equation 
corresponds to results of binary linear regression analysis in Excel, after removal of 
compound #12. 



























Figure 4.4. Final QSAR model of experimental DMSO pKas for 29 ketones versus the 
calculated pKas within CPCM-DMSO solvent model.  
  
 pKa(Calculated) = 0.0804 (± 0.0085) ΔEKeto + 0.0936 (± 0.0103) ΔEEnol  - 201.37 (± 8.25)  (7)
 n = 29, R2 = 0.9670, s = 1.163, F = 381, MAE = 0.9054 
Notably, the final regression in this study sees improvement compared with the 
best multiple linear regression presented in Xing’s work1 (highest R2 = 0.902). Residuals, 
or differences between the experimental and calculated pKas, for each ketone 
corresponding to the final QSAR model are shown in Table 4.4.   
Table 4.4. Literature DMSO pKas Along with Residuals Based on Calculated pKas from 




Experimental pKa (DMSO)8-9 Calculated pKa Residuals (Experimental – 
Calculated) 
1 6.1 6.00 0.10 
2 10.1 9.43 0.67 
3 10.2 10.20 0.00 
4 11.4 11.01 0.39 
5 17.1 17.93 -0.83 
6 18.6 19.61 -1.01 























Final Experimental vs. Calculated pKa in DMSO
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7 19 17.32 1.68 
8 19.45 20.26 -0.81 
9 19.5 20.48 -0.98 
10 20.2 22.34 -2.14 
11 20.3 20.99 -0.69 
13 21.7 22.23 -0.53 
14 21.8 21.66 0.14 
15 12.5 14.05 -1.55 
16 23 22.88 0.12 
17 24.4 25.91 -1.51 
18 24.7 23.42 1.28 
19 25.05 23.23 1.82 
20 25.2 23.60 1.60 
21 25.8 26.09 -0.29 
22 26.15 25.81 0.34 
23 26.25 26.61 -0.36 
24 26.4 26.92 -0.52 
25 26.5 24.65 1.85 
26 26.7 25.64 1.06 
27 26.8 27.77 -0.97 
28 27.8 25.72 2.08 
29 28.2 28.65 -0.45 
30 28.25 28.74 -0.49 
 The highest residual of 2.14 pKa units corresponds to compound #10, while most 
other molecules display less than 2 pKa unit residuals. If the intermediate anion method 
had been followed throughout the binary linear regression process, the final regression 
statistics, comparable to expression (7), would be given as follows: 
 pKa(Calculated) = 0.0835 (± 0.0086) ΔEKeto + 0.0921 (± 0.0106) ΔEEnol  - 203.77 (± 8.65)  (8)
 n = 29, R2 = 0.9651, s = 1.197, F = 359, MAE = 0.9655 
Because the regression statistics are inferior to those provided by the final QSAR 
model in equation (7), the common anion method was regarded as superior. Chemical 
thermodynamics would lead one to the same conclusion, where the more stable species in 
solution should predominate. Use of the more stable, or common, anion affords a more 
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successful quantum chemical descriptor in the final binary linear regressions to estimate 
pKa values for a set of ketones in dimethyl sulfoxide solution. 
Ketones are classified as carbon acids, and variations in their dissociation 
constants are likely accounted for using a carbon acids QSAR model and common 
descriptor. A training set of 30 carbon acids with experimental pKas in DMSO available 
is presented in Table 4.5.   
Table 4.5. Training Set of Carbon Acid pKas in DMSO, Excluding Ketones 
Number Carbon Acid Formula ΔE (kJ/mol) pKa (DMSO) 
     
1 9-cyanofluorene C₁₄H₉N 1228 8.35 
2 Malononitrile C₃H₂N₂ 1225 11.15 
3 Nitroethane C₂H₅NO₂ 1263 16.75 
4 Nitromethane CH₃NO₂ 1267 17.25 
5 9-phenylfluorene C₁₉H₁₄ 1300 17.95 
6 9-methylfluorene C₁₄H₁₂ 1328 22.35 
7 Dibenzyl sulfone C₁₄H₁₄O₂S 1349 23.95 
8 Fluorene C₁₃H₁₀ 1327 22.65 
9 1,3,3-triphenylpropene C₂₁H₁₈ 1337 25.65 
10 9-phenylxanthene C₁₉H₁₄O 1365 27.95 
11 Phenylacetylene C₈H₆ 1330 28.85 
12 Benzyl methyl sulfoxide C₈H₁₀OS 1358 295 
13 Methyl phenyl sulfone C₇H₈O₂S 1372 295 
14 Triphenylmethane C₁₉H₁₆ 1369 30.65 
15 Dimethyl sulfone C₂H₆O₂S 1365 31.15 
16 Acetonitrile C₂H₃N 1359 31.35 
17 2-phenylmalononitrile C₉H₆N₂ 1188 4.246 
18 bis(phenylsulfonyl)methyl phenyl sulfide C₁₉H₁₆O₄S₃ 1228 5.526 
19 bis[(trifluoromethyl)sulfonyl]-methane C₃H₂F₆O₄S₂ 1166 2.076 
20 2-methylfluorene C₁₄H₁₂ 1330 23.128 
21 2-nitropropane C₃H₇NO₂ 1267 16.828 
22 ethyl phenyl sulfone C₈H₁₀O₂S 1391 3128 
23 trifluoro(methylsulfonyl)-methane C₂H₃F₃O₂S 1298 18.828 
24 (trifluoromethyl)sulfonyl-ethane C₃H₅F₃O₂S 1310 20.428 
25 1,1-dicyanoethane C₄H₄N₂ 1237 12.428 
26 Phenyleacetonitrile C₈H₇N 1302 21.928 
27 α-methyl-phenylacetonitrile C₉H₉N 1310 2328 
28 p-cyanotoluene C₈H₇N 1366 30.829 
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29 p-tolyl trifluoromethyl sulfone C₈H₇F₃O₂S 1337 2429 
30 p-nitrotoluene C₇H₇NO₂ 1306 20.429 
 
Here, carbonyl compounds were excluded from the data set to discourage 
structural information pertaining to keto-enol tautomerism from entering the model. The 
same descriptor ΔE(DMSO) was employed as a single parameter at the level of theory 
mentioned earlier, and the results are displayed in Figure 4.5 with accompanying 
regression statistics. 
 
Figure 4.5. QSAR model of ΔE(DMSO) versus experimental carbon acid pKa values in 
DMSO. 
 pKa(DMSO) = 0.1401 (± 0.0062) ΔEDMSO – 162.08 (± 8.05) (9) 
 n = 30, R2 = 0.9487, s = 1.944, F = 517, MAE = 1.592 
Ideally, this regression model can further assess whether ketone dissociation 
constants are only a product of C-H cleavage, or whether the enol tautomer plays a 
significant role in determining the pKa. This can be determined by comparing the 
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estimated pKas residuals of the 30 ketones from Xing et. al. from the new carbon acid 
model in Table 4.6 below to the previously calculated pKas residuals in Table 4.4. 
Table 4.6. Estimated Ketone pKa Values for the 30 Ketones from Xing et. al. Using the 










Residuals (Calculated – 
Experimental) 
     
1 1218 8.69 6.1 2.59 
2 1242 11.96 10.1 1.86 
3 1229 10.15 10.2 -0.05 
4 1245 12.45 11.4 1.05 
5 1276 16.73 17.1 -0.37 
6 1302 20.48 18.6 1.88 
7 1286 18.18 19 -0.82 
8 1288 18.53 19.45 -0.92 
9 1361 28.67 19.5 9.17 
10 1330 24.30 20.2 4.10 
11 1299 19.96 20.3 -0.34 
12 1283 17.81 21.4 -3.59 
13 1318 22.72 21.7 1.02 
14 1310 21.52 21.8 -0.28 
15 1264 15.05 12.5 2.55 
16 1324 23.57 23 0.57 
17 1334 24.94 24.4 0.54 
18 1328 24.08 24.7 -0.62 
19 1333 24.80 25.05 -0.25 
20 1345 26.50 25.2 1.30 
21 1331 24.57 25.8 -1.23 
22 1337 25.40 26.15 -0.75 
23 1340 25.75 26.25 -0.50 
24 1341 25.93 26.4 -0.47 
25 1333 24.84 26.5 -1.66 
26 1329 24.20 26.7 -2.50 
27 1353 27.58 26.8 0.78 
28 1334 24.88 27.8 -2.92 
29 1353 27.62 28.2 -0.58 




The mean absolute error (MAE) of the data is 1.59 pKa units. This is larger than 
the MAE between the ketone pKas in the final combined keto-enol QSAR model of 
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Figure 4.4 (0.9054), suggesting that inclusion of descriptors reflecting both C-H keto and 
O-H enol cleavage improves pKa estimates. Even when two potential outliers are 
removed from Figure 4.5, due to pKa residuals greater than 4 units, the residuals and 
mean absolute error are no better. 
A separate independent model of alcohols in DMSO was constructed in a similar 
manner, again to evaluate whether contributions from the enol tautomers can estimate 
ketone pKas alone (an unlikely outcome). Experimental pKas for the smaller alcohols data 
set are shown in Table 4.7.   
Table 4.7. Training Set of Alcohol pKas in DMSO  
Number Alcohol Formula ΔE (kJ/mol) pKa (DMSO) 
     
1 Methanol CH₄O 1337 2930 
2 Ethanol C₂H₆O 1337 29.830 
3 Isopropanol C₃H₈O 1339 30.2530 
4 Isobutanol C₄H₁₀O 1339 32.3530 
5 2,2,2-Trifluoroethanol C₂H₃F₃O 1289 23.68 
6 Perfluoro-t-butanol C₄HF₉O 1196 10.78 
7 (Diphenylmethylene)hydroxylamine C₁₃H₁₁NO 1275 20.18 
8 Hexafluoro-2-propanol C₃H₂F₆O 1245 17.99 
 
A structure-activity relationship was produced from the alcohol data and 





Figure 4.6. QSAR model of ΔE(DMSO) versus experimental alcohol pKa values in 
DMSO. 
 pKa(DMSO) = 0.1388 (± 0.0080) ΔEDMSO – 155.44 (± 8.1)               (10) 
 n = 8, R2 = 0.9806, s = 1.132, F = 303, MAE = 0.7454 
ΔE(Enol) values for each of the ketones from Xing et. al.’s work calculated earlier 
were used to estimate the ketones pKa values in DMSO using equation (10). Computed 
pKas and residuals are listed in Table 4.8. 
Table 4.8. Estimated Enol pKa Values for the 30 Ketones from Xing et. al. Using the 












     
1 1170 6.99 6.1 0.89 
2 1187 9.29 10.1 -0.81 
3 1206 11.97 10.2 1.77 
4 1201 11.22 11.4 -0.18 
5 1248 17.85 17.1 0.75 
6 1243 17.15 18.6 -1.45 























7 1233 15.71 19 -3.29 
8 1262 19.78 19.45 0.33 
9 1203 11.48 19.5 -8.02 
10 1249 17.96 20.2 -2.24 
11 1261 19.64 20.3 -0.66 
12 1193 10.19 21.4 -11.21 
13 1258 19.13 21.7 -2.57 
14 1259 19.31 21.8 -2.49 
15 1217 13.51 12.5 1.01 
16 1259 19.37 23 -3.63 
17 1283 22.70 24.4 -1.70 
18 1262 19.74 24.7 -4.96 
19 1256 18.84 25.05 -6.21 
20 1249 17.95 25.2 -7.25 
21 1288 23.29 25.8 -2.51 
22 1280 22.16 26.15 -3.99 
23 1286 23.05 26.25 -3.20 
24 1288 23.37 26.4 -3.03 
25 1271 20.92 26.5 -5.58 
26 1285 22.93 26.7 -3.77 
27 1287 23.22 26.8 -3.58 
28 1282 22.47 27.8 -5.33 
29 1296 24.49 28.2 -3.71 
30 1279 22.04 28.25 -6.21 
 
Evidently, the alcohols QSAR plot is inferior to any of the models presented 
before. The mean absolute error (MAE) of the data is 3.41 pKa units, much larger than 
the MAE of the independent carbon acids model or the final combined keto-enol QSAR 
model. Results from the independent carbon acid and alcohol QSAR models compared to 
the final binary linear regression of Figure 4.4 imply keto and enol tautomers both 
contribute to proton transfer reactions of carbonyl compounds.  
4.5 Conclusions 
 The apparent acid ionization constants of ketones in dimethyl sulfoxide solution 
presented by Bordwell were successfully estimated using a binary linear regression 
QSAR model. Results from the final structure-activity relationship plot indicate that 
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descriptors accounting for both the keto and enol tautomers improve the computed ketone 
pKa values in DMSO—a conclusion reached in a prior study. However, the model 
proposed here is statistically stronger and likely more dependable for estimating ketone 
pKas in DMSO. Care should be taken when calculating the conjugate base energies for 
ΔE values, as the most stable energy should provide a reliable pKa result. Independent 
QSAR models of carbon acids and alcohols in dimethyl sulfoxide were built using the 
same descriptor, further validating that both the keto and enol tautomers influence the 
measured dissociation constants of ketones in solution.   
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